





Design and Development of a Robotic Crawler for 











A Thesis Submitted in Partial Fulfillment  
of the Requirements for the Degree of 
 
 






















 © Shivam Shukla, 2015 
Abstract
For the design of a new robotic crawler drive unit for CANDU fuel channel inspection,
a complete design and screening process was done in order to fulfil the objective of this
research. A brief explanation of CANDU reactors is provided along with a discussion
of the inspection systems that are currently in use. A study of some existing inspection
systems is presented which was used for the development of the new robotic crawler
design. A number of concepts were generated which underwent a screening process
with the help of two design tools. With the help of these tools, a concept was chosen
as the final design and details of it are presented. To demonstrate a proof-of-concept,
the physical prototype of the robotic crawler was manufactured and assembled. A
speed controller was implemented in the final design of the robotic crawler. A set
of test procedures were performed on the final design and the results are discussed.
Some improvements that can be done on the final design of the robotic crawler are
also discussed in the final section of this thesis.
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Pipe inspection robots are great examples of mechatronic systems that can navigate
autonomously with the help of an external control source through tubes, pipes, sew-
ers, and ventilation systems. Most inspection systems are designed to detect surface
flaws such as cracks or leaks in pipes on the inner surface [1, 2], while others can
inspect the outer surface of the pipes for similar characteristics. Some inspection
systems collect data in the form of degradation of material of the pipes or even dia-
metrical changes that occur in pipes over time. In many cases, pipe inspection robots
travel linearly through pipes whereas, some robots use circular motion to do the same.
At times, inspection systems personify movements close to those of insects while
others can have snake-like movements [3]. Some inspection robots also make use of
magnetic wheels which are only good for cases where pipes can be induced with a
magnetic field [4]. Other inspection systems can have motor driven wheels which help
them travel inside pipes along a specified path [5–7]. The type of drive depends on the
type of inspection that is required and even suitable environmental conditions in most
cases. For the scope of this thesis, the design and development of an autonomous drive
unit for a robot crawler capable of localizing inside CANDU reactor fuel channels is
1
presented. CANDU reactors are discussed in detail in section 2.1.
1.1 Problem Statement
At present, there exists a semi-autonomous system known as the Channel Inspection
and Gauging Apparatus for Reactors (CIGAR) for the inspection of CANDU fuel
channels. CIGAR is used for CANDU fuel channel inspection at Ontario Power
Generation (OPG). Using this semi-autonomous system is time intensive since it is
typically capable of inspecting only two channels per day. During inspection, the
reactor is in its shut down state and the lost power production is a significant cost to
OPG. In order to speed up the inspection process, an autonomous drive unit needs
to be designed and developed which can be attached to the CIGAR inspection head.
The basic objective would be to load multiple copies of these autonomous robotic
crawlers into multiple fuel channels, which would speed up the inspection process.
1.2 Goals
The successful outcome of this work will depend on three main goals. First, a complete
Computer Aided Design (CAD) model needs to be generated for the initial proof-of-
concept prototype. The second goal is to build a physical prototype to demonstrate
the functionality of the autonomous robotic crawler. Finally, encoder data from the
robot will be used for speed control of the robotic crawler.
1.2.1 CAD Model
CAD models of some of the concepts will be discussed in detail in the literature. CAD
software is excellent for implementing and demonstrating a new design through its
initial stages. With such a model, different strategies can be applied to the model in
order to attain a functional robotic crawler.
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1.2.2 Physical Prototype
It is very important to build a physical prototype based on the CAD model due to
real physical effects that can take place on the design during movement. A detailed
discussion of the physical design of the robotic crawler will be presented.
1.2.3 Control
This being a mechatronic system, control strategies will be applied to the autonomous
robot crawler with the help of encoder data. An encoder will be attached to the
robotic crawler which will be used for feedback to the speed controller. With the
ability of speed control, the robot will be tested at various different speeds to test the
effectiveness of the controller.
1.3 Contributions
The contributions of this thesis are:
1. Design and development of an autonomous robotic drive unit for the CIGAR
inspection head.
2. Control strategy applied to the autonomous robotic drive unit with the help of
a passive encoder wheel.
1.4 Organization
The thesis is organized as follows. Chapter 1 was an introduction, which presented
the structure of the thesis. Chapter 2 discusses CANDU fuel channels, CIGAR, other
systems used for CANDU inspection, types of radiation, and effects of radiation on
elements. Chapter 3 introduces various robots which are used for pipeline inspec-
tions. Their designs are discussed in detail since the new robotic crawler is built in
3
close relation to them. Concept development of the robotic crawler drive unit is also
discussed in this chapter followed by the engineering specifications.
Chapter 4 discusses a total of six concepts that were generated along with the screen-
ing process of the robot. Chapter 5 explains the failure modes and effects analysis
done on the robotic crawler, and the final design process. Chapter 6 presents the
testing methods and results from testing. Chapter 7 provides a conclusion to the
thesis as well as future work that needs to be done in the next phase of the project.
4
Chapter 2
Background to CANDU Fuel
Channels and Radiation
There are various different inspection systems which are used for the inspection pro-
cess of CANDU fuel channels. It is very important to highlight the structure of the
reactors before these inspection systems are discussed. This chapter provides a brief
discussion of CANDU reactors, robotic systems that are used for CANDU fuel channel
inspection, and an overview of the effects of radiation on robotic components.
2.1 CANDU Reactors
CANDU reactors contain a large tank which consists of hundreds of horizontally
mounted fuel channels. Each of these fuel channels have natural uranium fuel bun-
dles which are placed within the fuel channels. The internal diameter of the fuel
channels is approximately 104 mm. Each of these fuel channels consist of calandria
tubes and pressure tubes which are separated from each other at all times with the
help of garter spring spacers. Over time, the pressure tubes tend to sag which is why
these spacers are even more important. The calandria tubes are cooler compared to
the pressure tubes and the approximate length of these tubes is 6.3 meters. For both
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reactor on- and off-line conditions, the pressure tubes are provided with heavy water
flow which acts as a coolant for these tubes. When the pressure tube is in operation,
it is exposed to a high pressure of approximately 11.3 MPa and a temperature of up
to 310 ◦C. To keep these fuel channels stable, they are connected to two stainless
steel end fittings. All these specifications are discussed in detail in [2]. A schematic
representation of a typical CANDU reactor is shown in Figure 2.1.
Figure 2.1: Structure of CANDU Reactors [2]
The calandria tubes and pressure tubes are shown in Figure 2.1. These tubes have
spacers between them known as the garter springs. Over a period of time, these garter
springs tend to move away from their original locations due to vibrations in the tubes.
In order to avoid severe damage, it is very important to inspect the locations of these
6
springs periodically.
There are two types of garter springs:
Loose Garter Springs: These are the primary spaces. They are held loosely
against the outside wall of the pressure tubes. These springs tend to dislocate quite
a lot from their original location during operation of the nuclear reactors.
Tight Garter Springs: These springs have recently been introduced in CANDU
reactors. They are held tighter on the outside surface of the pressure tubes. They do
not dislocate from their original locations as much as the loose garter springs which
is very useful to the system.
Over a period of time, the pressure tubes tend to sag and cracks are formed, which
is a serious problem. With the help of CIGAR, these defects are detected. Due to
loading and unloading of fuel bundles, the pressure tubes can get scratched, which
also requires inspection.
There are many inspection systems used for CANDU reactors. This work is closely
related and dependent on CIGAR. Other systems include, Spacer Location and Re-
location (SLAR), Spacer Location and Repositioning System (SLARette), Packaged
Inspection Probe (PIPE), and Blister and Space Location Inspection (BLIP).
2.2 CANDU Fuel Channel Inspection Systems
The inspection of CANDU fuel channels is very critical to the industry. Inspection is
vital to ensure correct functionality of the reactors so that they run as anticipated.
Reliability of these reactors is the biggest factor that has to be taken into consid-
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eration. All the inspection systems are discussed in detail in the following section
starting off with CIGAR. Two primary techniques that are used for inspection are
CIGAR and Advanced Non-Destructive Evaluation (ANDE). An ANDE system in-
cludes SLAR, SLARette, PIPE, and BLIP. The SLAR is primarily used to move the
dislocated garter springs back to their original location. The PIPE is used to rapidly
perform ultrasonic inspection. The BLIP with the PIPE is used to check whether
blisters have been formed [8]. All the inspection systems are discussed in detail in the
following sections.
2.2.1 CIGAR
Originally, volumetric inspections were not made for any pressure tubes because they
were stated as an unnecessary process. Due to this decision, at the Pickering Nuclear
Generating Station, pressure tubes at Units 3 and 4 were found to have some leaks due
to cracks. The cause behind this was the formation of cracks which were developed
at the rolled joints because of improper installation procedures. Further, lamination
defects were discovered and this was because the manufacturer of the pressure tubes
had missed out on the cracks during initial manufacturing inspections [8]. Following
this, pressure tubes were inspected using eddy current techniques which showed that
most pipes had lamination defects. The development of rolled joint cracks and the
discovery of manufacturing flaws in the tube reactor led to the development of the
CIGAR system. CIGAR was developed in 1985 and has been in operation since.
CIGAR has inspected pressure tubes in Ontario’s reactors as well as tubes in Quebec
Hydro’s CANDU 6-unit at Gentilly, New Brunswick’s CANDU-6 unit at Pt. Lepreau,
and also the Republic of Korea’s first CANDU-6 unit at Wolsong [8].
CIGAR is a highly automated system which is used for CANDU fuel channel in-
spection with the help of its on board inspection components. Figure 2.2 represents
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the mechanical structure of CIGAR. The pig tail, also known as the push rod, is used
to drive CIGAR through the pressure tubes with the help of a drive unit located
outside the fuel channels. CIGAR uses ultrasonic sensors, an eddy current test probe,
and a servo inclinometer which provides feedback on the orientation of the system
during inspection.
Figure 2.2: CIGAR System [1]
The object present at the centre of CIGAR in Figure 2.2 represents the eddy cur-
rent test probe. Ultrasonic sensors are present at the front end of CIGAR. There
are two sets of centre modules situated on both sides of the eddy current test probe.
These passive modules guide the rotating system with rotations during linear motion
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and also help CIGAR maintain proper orientation during inspection.
Most CANDU fuel channels now make use of CIGAR as their primary inspection
system because it is a highly automated system which consists of a wide range of
inspection capabilities. CIGAR contains an in-channel inspection head, drive mech-
anism, full data collection and computer controls, processing, and also playback ser-
vices [8]. The drive mechanism of CIGAR is controlled by a console which is present
outside the fuel channels mounted on the fuelling bridge [8].
Prior to the start of inspections, the reactor needs to be in its shut down state and
the primary heat transport system must also be cold and de-pressurized [8]. As well
as radiation present inside the pressure tubes, the temperature of the pressure tubes
tend to be very high during operation which makes it impossible for inspection. The
coolant which is present in the pressure tubes is not drained during the time of inspec-
tion but the fuel bundles need to be removed during the inspection [8]. The data can
be processed before CIGAR leaves the fuel channel. The processing on an average
takes about four hours but the process of inspection is very long as CIGAR takes
about a day to inspect two fuel channels [8].
CIGAR performs many different types of inspections in these fuel channels in or-
der to ensure safety and proper functionality of the system. The inspections are
discussed in the following sections.
2.2.1.1 Detection of Flaws
In order to detect flaws in the pressure tubes, CIGAR uses ultrasonic volumetric in-
spection. Four shear wave transducers are used which are arranged as circumferential
and axial pairs angled at 45 degrees. The detection of flaws can be done up to six
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percent of the pressure tube wall thickness or larger [8]. CIGAR uses four shear wave
transducers which operate at 20 MHz to detect flaws [1]. The shear wave transducers
are classified as circumferential and axial sensors. The name given to these sensors
is flaw cluster, which consists of all four of these sensors and also a normal beam
transducer in the centre which operates at 10 Mhz.
Figure 2.3 represents the arrangement of the ultrasonic flaw cluster. One ultrasonic
normal beam probe is present at the front of the inspection head which operates at
10 MHz. The other ultrasonic normal beam probe can be seen in the middle of the
flaw cluster which operates at 20 MHz. There are three other ultrasonic sensors which
operate at 10 MHz but cannot be seen clearly in Figure 2.3.
Figure 2.3: Ultrasonic Sensor Cluster [1]
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2.2.1.2 Diameter Measurement
Monitoring diameters of CANDU fuel channels is very crucial, as deformations can
cause damage to the entire set-up. During the lifetime of the fuel channels, there
can be changes in the diameter of the pressure tubes. This can be due to excessive
mechanical stress applied to the pressure tubes or even high temperatures. When this
happens, there is an increase in the gap between the edge of the pressure tubes and
the fuel bundles [8]. CIGAR uses ultrasonic techniques to inspect the diameter of the
pressure tubes. Ultrasonic gauging is performed at 18 different intervals around the
circumference at about 2,000 axial positions along the tube [8].
2.2.1.3 Thickness of Wall
Ultrasonic gauging is also used for measuring the thickness of the wall. This operation
is done at the same time as diameter gauging [8].
2.2.1.4 Sag Measurement
Sag is the vertical displacement that takes place in any material over time due to
external factors. Over time, sagging occurs in the pressure tube as well. CIGAR
uses a servo inclinometer to calculate sag in the pressure tubes [8]. The tilt in the
inspection head is used to measure sag, and a voltage reading is read by CIGAR which
is converted into a slope.
2.2.1.5 Location of Garter Springs
There is a gap which separates the calandria tubes and the pressure tubes in the
fuel channels. This gap is very important because the calandria tubes are at a lower
temperature compared to the pressure tubes which have high temperatures and if
these garter springs are to be displaced, it could result in contact between the pressure
tubes and the calandria tubes which could rupture the pressure tubes due to the
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temperature differences. CIGAR uses an eddy current test to determine the location
of the garter springs [8]. The eddy current technique makes the use of one test coil and
two receive coils. The test coil produces a magnetic field and because the pressure
tubes and the calandria tubes are conductive materials, they get induced by eddy
currents which also produce a magnetic field in return. This magnetic field is picked
up by the receive coils and amplitude variations are measured [8].
2.2.1.6 Inside Surface Profile
CIGAR also detects various different types of in-pipe surface flaws. These flaws are
usually cracks, fuelling scratches, fuel bundle fret marks, and fretting due to debris [8].
These flaws can be developed over time in the pressure tubes.
2.2.1.7 CCTV Video Visual Inspection Head
A CCTV visual inspection head is used to record images during inspections [8].
2.2.2 CIGARette
In 1983, a rupture was discovered in the pressure tube G16 which occurred at Pick-
ering Unit 2. The CIGAR system was entering its commissioning phase when this
rupture occurred and so an immediate inspection system was required [8]. This sys-
tem was called CIGARette which uses the same inspection head used for CIGAR and
also the same drive rods. The drive rods are manually mounted and connected to a
friction drive [8].
Primarily, CIGARette is used for garter spring detection and limited ultrasonic ex-
aminations. However, there is a limitation on CIGARette. It is not able to make con-
tinuous rotational scans and the rotational drive is much slower than that of CIGAR.
There is slippage in the friction drive if repeated rotations are required. There is
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radiation exposure to personnel using the CIGARette system and it also takes a long
time to mount as this is a manual process and also the rod connection at the reactors
face takes quite a bit of time. CIGARette is only kept for emergency purposes because
CIGAR is capable of making better inspections [8].
2.2.3 PIPE
The PIPE system was designed to rapidly perform ultrasonic inspection of pressure
tube rolled joint regions to make sure unacceptable manufacturing flaws or delayed
hydride cracks are not present. This system was developed in 1987. This system does
inspections equivalent to the CIGAR system. The use of the PIPE system is limited,
due to possibilities of low radiation dosage exposure to operating personnel. This
system performs inspections by scanning a circumferential looking 45 degree shear
wave transducer. The pitch of the scan is 1 mm. There is also a normal beam and
two axial looking 45 degree shear wave transducers which are mainly used for flaw
characterisation.
2.2.4 SLAR
There has not been any blister formation in any of the Zr-2.5 percent Nb tubes but
it is possible to have this defect as tested in the laboratory. This is usually because
of contact between the calandria tubes and the pressure tubes. The SLAR has been
funded by the CANDU Owners Group (COG). The SLAR system requires a number
of fuel channel inspection systems to be developed prior to its use. The pressure tube
needs to be centralized with the calandria tube to un-pinch the spacers which are
moved by the help of two linear induction motors. SLAR was designed to be able to
perform inspection on channels that have been operated for up to 100,000 effective
full power hours. The time period can vary from 3-8 months which depends on the
amount of garter springs that need to be moved. The length of the SLAR tool is about
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185 cm long and approximately 8-10 cm in diameter. The SLAR tool weighs about
80 kg. The signals which are received by the SLAR system are primarily transmitted
through umbilical cables and processed by inspection computers [8].
Significant bending stress can be introduced in the pressure tube by the use of the
SLAR system during operation. Now, if there were blisters already present in the
pipes, the bending could cause them to crack or even increase the existing cracks.
Due to this reason, a new system was required which was capable of rapidly detecting
cracked blisters during a single axial pass through the pressure tube [8].
2.2.5 SLARette
The SLARette system was primarily developed from the SLAR programme. This
system was created due to the outages that are associated with the SLAR system.
The primary objective of the SLARette system was to maximize the use of SLAR
technology and also be quick and easy for installation purposes. SLARette makes the
use of the same in-channel tool and inspection system like that of the SLAR system.
The only difference is that the umbilical cable present on the SLARette is much
longer than that of SLAR. The delivery system for SLARette is much smaller and
less automated compared to SLAR. It takes about 48 hours to set up the SLARette
delivery and control system. Dismantling of the system can be done in less than 24
hours. The SLARette system can complete the activities that SLAR is capable of in
a 12 hour shift [8].
2.2.6 BLIP
The BLIP system was developed in 1988. This was developed because a need to be
able to rapidly survey many fuel channels was anticipated. This system determines
whether cracked blisters have formed. The spacer location mechanism is done using
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eddy current testing similar to CIGAR.
A line focused axial 45 degree shear wave ultrasonic transducer is employed and it can
inspect the bottom 60 degrees of the tube during its axial movement of the inspection
head. The BLIP system uses the fuelling machines of the reactor which are modified
to provide greater travel and also allow penetration through the pressure boundary.
This system is only used when a large number of pressure tube inspections are re-
quired. The use of this system enhances radiation exposure to skilled personnel [8].
The following chapter discusses existing inspection systems and strategies used to
develop concepts, for the design of a new robotic crawler.
2.3 Robots in the Nuclear Industry
Radiation can be very harmful to personnel that have to work in radiation filled envi-
ronments. Not only personnel, but also robots that are used in the nuclear industry.
When designing a system for radiation environments, the total dose, the type of ra-
diation as well as the dose rates are major factors that could limit the lifetime and
reliability of the equipment [9]. Aside from the safety aspect, robots can also ma-
neuver to locations within a reactor environment that are otherwise inaccessible to
humans. With the help of these robots, the inspection time can be reduced as well as
the number of workers that are required for an operation.
For high radiation-field environments, robotic systems need to be appropriately hard-
ened against effects produced by ionizing radiation. [10]. This section provides a brief
overview of the radiation considerations required for robot operations during off-line
inspection.
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2.3.1 Types of Radiation
There are different ways to characterize ionizing radiation. The principal types of
radiation found in nuclear reactor environments and their characteristics are briefly
discussed below.
2.3.1.1 Photon
Gamma rays and X-rays are similar by nature. Both rays are photons with short
wavelengths, with differences in their origin, where gamma rays are formed by a
nuclear interaction and X-rays are formed through electronic or charged-particle col-
lision [9]. There are a total of three different photon interactions which take place
and are discussed below.
Photoelectric Effect
This kind of effect takes place through the absorption of incoming photon energy
by the outer most shell electron, where the electron is ejected from the atom that
contains kinetic energy equal to the difference of the photon energy and the electron
binding energy [9].
Photon Scattering
Photon scattering is defined as the scattering of incoming photons by electrons, which
can be coherent or incoherent but in both cases, the trajectory of the photon is
modified which results in the ejection of the electron from the atom [9].
Pair Production
This kind of reaction takes place at high energy where the photon energy is greater
than 1.022 MeV. Inside the electric field of nucleus or an electron, a photon is sponta-
neously annihilated and converted into an electron-positron pair where the positron
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and electron have a total kinetic energy equal to the difference of the initial photon
energy and 1.022 MeV [9].
2.3.1.2 Beta
There are two types of beta particles which are known as free electrons or positrons.
Free electrons symbolized as β− and positrons symbolized as β+, have exactly opposite
charges but the same weight. A positron does not travel far because it is destroyed
quickly by the electron from the material whereas for an electron, during travel into
a material, the Coulomb force of a bond electron interacts with β particles and the
exchange of energy which takes place excites the atoms and results in ionization due
to which the energy is transferred to the excited electron [9].
2.3.1.3 Heavy Charged Particle
Heavy charged particles are particles which are absorbed by the scattering from an
atomic electron and form atomic nuclei [9]. These particles are very similar to al-
pha particles and protons. Heavy charged particles, in general, do not create any
new radioactivity in materials and are usually blocked by the plastic package around
components [9].
2.3.1.4 Neutron
Neutrons and protons have approximately the same mass. Depending on the energy,
neutrons are classified as:
• Thermal neutrons (0.025 < E < 0.5eV )
• Intermediate neutrons (0.5 < E < 10keV )
• Fast neutrons (E > 10keV )
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where fast neutrons lose all their energy by elastic scattering with atoms and the
energy transfer is greatest for neutron interactions with light atoms, such as hydrogen
[9]. Usually, damage from neutrons interactions is not as significant as the damage
created by gamma rays on robots and their electronic components [9]. For CANDU
reactors undergoing off-line inspection of the pressure tubes, the dominant form of
radiation present will be from gamma rays which are emitted from the fuel and also
from neutron activation.
2.3.2 Effects of Radiation on Materials
The effects caused by radiation on different materials such as metals, ceramics, poly-
mers and plastics, electrical components, and electromechanical components are dis-
cussed in this section.
2.3.2.1 Metals
Gamma rays do not affect metals because of the interaction mechanism on the metallic
structure. After several decades of exposure to very high dose rates, some defects like
increased tensile and yield strength, and also a decrease of ductility of the metal may
be detected [9]. Fluences of neutrons with an excess of 1020 n/cm2, could affect the
mechanical properties of metals such as tensile and yield strength [10].
2.3.2.2 Ceramics
Metals are much more radiation tolerant compared to ceramics. Ceramics can be
found as dielectrics in capacitors, as coatings to replace plastic coating, and the most
common type of defects noticed in ceramics due to radiation are dimensional swelling
and a decrease in density of material [9].
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2.3.2.3 Polymers and Plastics
Two types of effects are caused by radiation on polymers, one being cross-linking
which occurs when two molecules are bounded together by the effect on electrons
and second, chain-scission, which causes shortening of molecular chains [9]. The most
common types of problems that can be seen in polymers and plastics are increased
sensitivity of mechanical stress, cracking, and blistering of materials.
2.3.2.4 Electrical Components
Effects of radation on electrical components such as resistors, capacitors, cables, and
circuit boards are discussed in this section.
Resistors
Generally, resistors with higher resistance values have more adverse effects on them
than resistors with lower resistance, where due to radiation, the resistance of the
resistor is reduced by chemical degradation of materials [9].
Capacitors
Usually, the surfaces of capacitors are metallic in nature and hence are radiation
resistant to all types of radiation. Sensitivity of electrolyte capacitors to radiation is
far greater than most types of capacitors and can fail at about 100 Gy and organic
dielectrics are quite the same and exposure to radiation can lead to leakage of current
and dielectric loss [9].
Wires
Wiring is one of the most important components of a robotic system. They are
required for power to the robot as well as provide signals to the robot’s various other
components such as sensors and actuators. Most commercial wires would not degrade
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up to a total dose of 1 MGy, and at higher dose rates, the wires tend to chip, peel,
and even become very sensitive to mechanical stress [9].
Circuit boards
Sometimes, the main boards are made of polymers and that is when they become prone
to damage due to radiation. Damage such as cracking and modification of insulating
properties and also distortion can be seen in circuit boards [9]. The conducting
components of circuit boards are usually metallic and resistant to radiation. Usually
damage to circuit boards is not very significant at total dose levels lower than 100
kGy [9].
2.3.2.5 Electromechanical Components
Electromechanical components such as motors, magnets, and sensors are discussed in
this section.
Motors
Motors are the most important components of robotic systems. They are designed to
function in rigorous environments with the ability to handle lots of mechanical stress.
AC and DC motors, servo motors, and stepper motors are unaffected at high radiation
levels unless poor insulation is used [10]. Radiation tolerant compounds also prevent
failure and extend radiation resistivity of motors [9].
Magnets
The property of magnetism can be observed in many systems, specifically electrome-
chanical components. Magnets are usually very resistant to radiation and damage to




Most metallic sensors are very sensitive to radiation and which is why they contain
insulating materials to help prevent damage against radiation [9]. Hall effect sensors
are very sensitive to radiation because they contain very sensitive electronic compo-
nents whereas eddy current devices contain insulating materials which help against
radiation defects [10].
As discussed above, the main concern is interactions of some materials and elec-
tronic packages with primarily gamma radiation. For robotic systems, it is common
to undergo performance testing for total gamma dose effects prior to deployment. To-
tal gamma dose requirements will be dictated by the most sensitive components and
mean time before failure requirements. For electronic systems, it is very common for
them to be designed to withstand a total ionizing gamma dose of 10 kGy (1 MRad).
This would be the initial target for the design proposed herein.
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Chapter 3
Development of the Robotic
Crawler
This chapter presents an overview of various different robots used in industry for pipe
inspections. Following that, the process for concept development is discussed which is
broken down into three different sections. The first are the functional requirements,
followed by the physical requirements, and finally, the system decomposition. The
final section of Chapter 3 discusses the engineering specifications, which introduces
the customer requirements and relationships between the customer and functional
requirements.
3.1 Existing Pipe Inspection Robots
3.1.1 The Pipe Crawler
The robot shown in Figure 3.1 is an inspection system which is capable of travelling
through horizontal segments, vertical segments, and around corners. It is known as
The Pipe Crawler. The robotic crawler designed for the scope of this thesis is not
required to travel around corners since the pressure tubes are linear. The only form
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of bend that is visible in the pressure tubes is sag where they tend to hang verti-
cally downwards, creating a non-linear path. This design consists of three different
segments where each segment is driven separately with separate motors. A radial
arrangement of wheels is chosen for this design where each wheel is approximately
120 degrees apart from each other and with an offset of 10 degrees from the perpen-
dicular [11]. The 10 degrees offset allows the crawler to rotate automatically while
it moves forward. With this design, all wheels are always in contact with the inside
surface of the pipe assuring that the pipe crawler remains stable during its motion.
Figure 3.1: The Pipe Crawler [11]
For this system, on board sensors were used and also a video camera which was
used for navigation and inspection of the pipe [11]. Three micro-electro-mechanical
accelerometers and gyroscopes are installed on the system where the gyroscopes track
rotational axes of yaw, pitch, and roll [11]. The pipe crawler is a very innovative de-
sign which could prove to be very useful for the design of the new robotic crawler. The
mechanical structure of the Pipe Crawler provides stability inside the pipe. CIGAR
currently does scans in a helical manner which forces CIGAR to make rotations inside
the pressure tubes while it makes its way forward.
The Pipe Crawler is a very complex design which can be used as a building block
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for the design of the robotic crawler. It consists of a joint which acts as a connection
between two segments on the robot. There are a total of two joints and three segments
which are visible in Figure 3.1. The left and right extreme segments each contain a
total of six wheels. The middle segment contains twelve wheels. There are two CCTV
video inspection cameras which are installed on both ends of the pipe crawler. All
three segments are inter-connected with wires which help send and receive signals as
the robot travels through pipes.
A very unique wheel arrangement is implemented on the pipe crawler. Each wheel
has an offset of 10 degrees which helps the robot with rotations during linear mo-
tion. This arrangement of the wheels helps the robot move in a helical manner also
known as a screw drive mechanism. The screw drive mechanism is shown in Figure 3.2.
Figure 3.2: Screw Drive Mechanism [11]
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3.1.2 Pipeline Coil Tubing Inspector
The Pipeline Coil Tubing Inspector is a system that makes use of a magnetic flux
leakage to detect flaws such as scratches and cracks in pipes. The systems contains
hall effect sensors which have the ability to detect these flaws by a change in magnetic
flux density. A hall effect sensor is placed in between two magnets and brought to
proximity with the inner surface of the pipe which forms a flow of electrons in a circu-
lar manner like a closed loop circuit [12]. There are a total of nine hall effect sensors
around the circumference of the pipe making it possible for this inspection system
to detect changes in magnetic flux all around the system if cracks are detected [12].
When a crack is detected by this system, the flow of electrons becomes wider.
This inspection system is divided into three different sections called wedges where
each wedge has its own independent self-sufficient data collection unit [12]. This in-
spection system also contains wheels which are approximately 120 degrees apart from
each other and each wheel is in contact with the inner surface of the pipe at all times.
Figures 3.3 represents a side view of the Pipeline Coil Tube Inspector.
Figure 3.3: Pipeline Coil Tube Inspector [12]
Figure 3.4 shows the arrangement of the nine hall effect sensors circumferentially
around the body of the robot. These hall effect sensors assure that the robot is able
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to pick up signals around the diameter of the pipe without having to make any rota-
tions. The pressure tubes used for CANDU fuel channels are non-ferromagnetic which
rules out the possibility of using the magnetic flux technique. However, the mechan-
ical design of the this robot could be beneficial for the new robot crawler design. A
design resembling to the centre module of the robot which can be seen in Figure 3.4,
can be used to enclose the electronics on the new robot crawler design.
Figure 3.4: Sensor Arrangement [12]
Just like The Pipe Crawler discussed previously, the Pipeline Coil Tube Inspector
has radially arranged wheels which help with stability of the robot in the pipe during
motion. This design helps the robot make contact with the inside of the pipe at all
times. CIGAR contains two sets of three wheels which are passive in nature. They
help with rotations of the robot during inspection at a 1 mm raster [13].
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3.1.3 PIRATE (Pipe Inspection Robot for Autonomous Ex-
ploration)
The basic objectives of this system were to inspect a certain area of a gas distribution
network, detect leaks, record exact locations of flaws, and determine the status of the
pipe autonomously [14]. This system is used for pipes ranging from 63 mm to 125
mm in diameter making it suitable for many different types of pipes [14]. The robot
consists of seven modules; two propulsion modules, two modules to clamp on to the
pipe, two payload modules, and one central rotation module [14]. The system consists
of eight wheels.
There are two potentiometers installed on the robot which are used as displacement
sensors. One of the potentiometers measures the angle which is formed between the
modules. This system moves sideways, i.e., horizontally across the pipe and can also
adjust its dimensions according to the diameter of the pipe.
Figure 3.5 shows the PIRATE robot in a tube with a diameter of 125 mm.
Figure 3.5: PIRATE in a 125 mm tube [14]
Figure 3.6 shows the PIRATE robot in a tube with a diameter of 63 mm. There
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are a total of six joints implemented in the design which help the robot bend at every
joint.
Figure 3.6: PIRATE in a 63 mm tube [14]
The design of the PIRATE robot can be beneficial because of its ability to change
its diameter according to various sizes of the tube. Although there will be no severe
changes in the diameter of the fuel channels, the idea to apply downward force on the
robot at all times, helping it maintain its balance even travelling through sags could
prove to be a critical strategy for the design. Another advantage of the design are
the ways these segments are implemented. These segments can help the robot turn
or bend in sags that occur in the pressure tubes. Another advantage of the segments
could be to provide a fail safe feature in the design. For example, if one segment
stops functioning, the other can still run and help the robot move out of the pressure
tubes. A fusion of the spring loaded wheels on the Pipeline Coil Tubing Inspector
and the horizontal movement of the PIRATE robot could be an ideal design for the
new robot.
3.1.4 Pipe Crawler Apparatus
This Pipe Crawler Apparatus shown in Figure 3.7 is used for pipes with diameters
ranging from 76.2 to 101.6 mm [15]. This system makes use of hydraulic cylinders
which help the system move along the inside of the pipe. Basic actions such as re-
traction and extension are used in the system. This crawling apparatus consists of
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three segments, each consisting of a hydraulic cylinder. These segments are connected
with the help of bolts which help the crawler move inside the pipe even if there are
bends or sags in the pipes. The first and second gripping units are used to selectively
engage and disengage the pipe crawler with respect to the interior of the pipe while
the intervening air cylinder proceeds to move the non-engaged gripping unit within
the pipe [15]. There are a total of two gripping units present on the crawler. One
gripping unit is at one end of the crawler and the second is at the other end of the
crawler. Segment 3 is the front end of the robot and travels from left to right.
Figure 3.7: Pipe Crawler Apparatus [15]
With reference to Figure 3.7, the far left side of the crawler highlighted by a red
square represents Segment 1. The middle segment highlighted by a blue square is
Segment 2 and the far right segment highlighted by a yellow square will be known as
Segment 3.
As Segment 1 engages; the grippers extend to make contact with the pipe. When
this happens, Segment 2 comes into action by extension of the hydraulic cylinder
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which helps the crawler move forward. When Segment 3 engages; the second set
of grippers makes contact with the pipe. The cylinder in Segment 2 retracts which
helps the back of the robot move closer to the front of the robot. There is no sensor
arrangement on this crawler except for the camera which is present at the front of
the robot. The camera also consists of LEDs which help the vision system locate
obstacles of any sort and also a viewable path inside pipes. This design of the crawler
is very beneficial for the new system to be developed. The mechanism that it uses
to move in the pipe could be suitable for the new system. The clamping mechanism
of this pipe crawler would be a feasible idea to implement in the new design as well.
The biggest advantage of using this design would be that it will help the new system
move against the flow of heavy water in the fuel channels.
3.1.5 Tracked Platform
In 2005, the tracked robot platform was developed with the ability to drive through
horizontal and vertical pipes [16]. The robot has tracks which help the robot maintain
friction in the pipe when travelling. A camera and an ultrasonic sensor are mounted
on the robot which allows the robot to measure pipe wall thickness. This tracked
platform is capable of travelling through pipes with diameters ranging from 150 mm
to 250 mm. Figure 3.8 shows the tracked platform completely extended.
Figure 3.9 shows the tracked platform completely retracted. The total weight of
the robot is about 15 kg. The use of tracks for this platform could prove to be the
most ideal due to the traction attained from them. Due to size restrictions of the
pressure tube, the orientation of the tracked platform may need to change in order to
successfully drive through the tube. Once again, the extension and retraction of the
robot can prove to be very useful because it would provide enough downward force
on the robot during motion.
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Figure 3.8: Tracked Platform (Extended) [16]
Figure 3.9: Tracked Platform (Retracted) [16]
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3.1.6 Versatrax Vertical Crawler
The Versatrax Vertical Crawler shown in Figure 3.10, is capable of performing very
complex inspections over a range of different pipe sizes. It contains three Microtracs
which have the ability to expand and retract depending on the size of the pipe. In-
dependent control of each track allows the vehicle to easily navigate multiple bends
and vertical pipe segments over distances of up to 600 ft [17]. The crawler is capable
of travelling through under water applications.
Figure 3.10: The Versatrax Vertical Crawler [17]
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The crawler has a depth rating of 30.48 m in water is possible and is capable of
travelling through pipes with 203.2-304.8 mm diameter. Figure 3.11 shows a closer
look of the Microtrac used for the crawler. Due to size restrictions of the pressure
tube, it would not be possible to build a robot like the Versatrax Crawler. However,
using the Microtracs would prove to be very beneficial for the design of the new robot
crawler because of their specifications.
Figure 3.11: Microtrac [17]
3.2 Concept Development
Concept development is a method for analysing and generating new ideas for a tar-
geted product. This process is usually initiated with the help of customer needs and
specifications of the product which are then transformed into sets of conceptual de-
signs and solutions. Design requirements are identified during the process and can
be further classified as functional requirements and physical requirements. Functional
requirements define how a specific part of a design needs to function in order to attain
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the optimal design. Physical requirements on the other hand define the exact design
needs and how the requirements need to be measured and evaluated according to
the project criteria. Customer needs are also a part of concept development and the
functional requirements have to match up to the customer needs in order to satisfy
the outcome of the product.
3.2.1 Functional Requirements
Functional requirements of the new robotic crawler design are outlined below. The
robotic crawler must be:
• an autonomous system
• fail-safe in case of an emergency
• able to travel through sags developed in pressure tubes
• able to travel with/against water flow in the pressure tubes
• able to travel at a fixed speed specified by the user with the help of an encoder
• able to synchronize with the inspection head electronically
• able to carry on-board electronics and connect to the power source located
outside the pressure tube
• able to maintain a stable orientation during motion
• able to rotate the inspection head for scanning the pressure tubes
• able to avoid getting stuck in the pressure tube at any point of time
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3.2.2 Physical Requirements
Physical requirements of the new robotic crawler design are outlined below. The
robotic crawler must:
• be less than 10 cm in diameter
• not exceed 11.36 kg in weight
• be corrosion resistant and should be easily decontaminated
• contain motor driven wheels to initiate the automated drive mechanism
• contain a micro-controller and a motor driver to control the sequence of opera-
tions
• have electrical components sealed from water
• contain a rotational joint in order to attach to the inspection head
• contain a separate motor for inspection head rotation
• have enough down force from the pressure tube wall to maintain stability
• contain an encoder for speed control
3.2.3 System Decomposition
The following components must be present on the design of the robotic crawler in
order to fulfil all the requirements:
• Motor driven wheels
• Machined plates for a rigid design
• Electronic components such as a micro-controller, motor driver, an encoder, and
a power source
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• Housing for electronic components
• Spring loaded wheels
• Power and Sensor Cables
• Motor for inspection head rotation
• A base station located outside the fuel channels
Figure 3.12 shows the functional layout of the new robotic crawler design. All de-
pendent components of the robotic crawler are shown. The most important factor
for this project to be successful is the fail-safe criteria. At no point of time would
it be acceptable for the robotic crawler to get stuck in the pressure tube during the
inspection process. That would cause a dangerous situation in the reactors.
Figure 3.12: Functional Layout of the Robotic Crawler
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It will also be important to have a housing for the electrical components to pre-
vent any sort of short circuit or power loss. The machined plates will keep the robot
robust and rigid for the inspection process. With enough down force provided by
the spring loaded wheels, the robot will be able to maintain its orientation during
motion. The motor driven wheels will also be a crucial part of the robotic crawler as
they would be the only source of drive to the robot. The inspection rotation motor
will help the inspection head connect to the robotic crawler.
3.3 Engineering Specifications
3.3.1 Quality Function Deployment
The Quality Function Deployment (QFD) makes use of a matrix format to capture a
number of issues which are vital to the planning process [18]. During the development
of a new product, it is necessary to determine engineering specifications in a way
that the customer needs are satisfied. To understand the effects of the functional
requirements on the customer requirements, it is important to use a House of Quality,
which is a critical tool, used during the development of any new system. Before the
House of Quality is introduced, it is important to outline the customer requirements.
3.3.1.1 Customer Requirements
Customer requirements for the new robotic crawler are listed below. Not only should








• be radiation resistant
• be easy to mount on and unmount off the pressure tube
Further, the system should provide feedback.
3.3.2 House of Quality
The House of Quality is one of the most recognized and widely used form of QFD
methods [18]. The House of Quality is used in the planning process for new designs, by
comparing customer and technical requirements and providing a solution to obtain the
most optimal design. There are many different forms of the House of Quality, but its
ability to be adapted to the requirements of a particular problem make it a very strong
and reliable system to use [18]. Major components such as customer requirements,
technical requirements, an interrelationship matrix, a technical correlation matrix,
and a technical assessment and a target section are all parts of the House of Quality.
3.3.2.1 Customer Requirements
The House of Quality contains a boxed section on the left side which states all the
customer requirements. It is very important to translate wants of the customer into
single tangible values which can be turned into engineering specifications [18].
3.3.2.2 Technical Requirements
Technical requirements are placed in a boxed section on top of the target row of
the House of Quality. Once all the customer requirements have been specified, it is
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imperative to provide solutions for what must be done to the product design to fulfil
the necessary requirements [18].
3.3.2.3 Interrelationship Matrix
The interrelationship matrix is placed in the centre of the House of Quality. The main
function of the interrelationship matrix is to establish a relation between the customer
requirements and the measures that are designed to improve the product [18]. In this
matrix, relationships are established between the customer and technical requirements





Ratings ranging from 1 to 5 are provided to each customer requirement and combined
with the relationships provided in the interrelationship matrix to obtain an overall
performance measure. These relationships are assigned respective indexes such as
10-7-4-1, 9-3-1, 4-2-1, and 5-3-1 [18].
3.3.2.4 Technical Correlation Matrix
The technical correlation matrix is the top most triangular shaped box of the House
of Quality. It is also known as the roof of the matrix, which is helpful in developing
relationships between customer requirements and product requirements and identifies
where these units need to work together otherwise they would be in a conflict [18].






The objective of these correlations is to highlight which requirements might be in a
conflict with each other [18]. If the correlation is positive or strong positive, that
represents a strong relationship between the functional requirements. In other words,
these functional requirements have positive dependency on each other and the imple-
mentation of one requirement would benefit the other. If the correlation is negative
or strong negative, the impact of one of the functional requirements will be negative
with respect to the other. Therefore, both requirements would need to be changed in
order to accommodate each other for an ideal design.
3.3.2.5 Targets
The target section is located between the interrelationship matrix and the correlation
matrix of the House of Quality. There are three objectives in the target section which
are:
• Objective to maximize
• Objective to hit
• Objective to minimize
The objective to hit is usually for the most important requirement that needs to
be fulfilled in order to attain a feasible design. The objective to maximize is for a
requirement that needs to be improved whereas the objective to minimize is for a
requirement that has a negative impact on the design.
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To make major decisions for the project, a House of Quality was used to analyze
the relationships between the customer and technical requirements, which is repre-
sented by Figure 3.13. The House of Quality was designed using a template which













































































O O ↑ ↑ O ↑ O ↑ ↑ ↓
Speed up process 5 ●● ● ● ●● ● ●● 51 51.0
Reliable 5 ●● ●● ● ●● ● 48 48.0
Controllable 5 ●● ●● ● ●● ● 50 50.0
Water-proof 5 ●● ● ●● 28 28.0
Robust 4 ● ●● ● ● 40 40.0
Accurate 5 ●● ● ●● ● 38 38.0
Centred 3 ●● ●● ● 32 32.0
Radiation resistant 5 ●● ●● 20 20.0
Mount/unmount easily 3 ●● 11 11.0
Feedback 5 ●● ● ●● ●● 51 51.0
267 269 83 126 200 148 271 90 174 89
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Figure 3.13: House of Quality
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3.3.2.6 What vs. How
The importance rating column in Figure 3.13 was calculated by summing the product
of the priorities and technical requirements. Four functional requirements scored a
total of 200 or more with respect to the customer requirements. In order for the robot
to be autonomous, it was important to make sure it would be reliable, controllable,
accurate, and the inspection process would need to be sped up. It was required for
the system to be fail-safe, and in order to fulfil that requirement, the system needed
to be reliable, water-proof, radiation resistant, and provide feedback about its posi-
tion and orientation. Another important requirement was for the robot to travel at
a fixed speed. To make sure that would not be a problem, the robot needed to be
controllable and provide accurate feedback about its current speed. Without carrying
electronics on board, the project would not be a success. This would minimize the
amount of cables required to power the robotic crawler and so, in order to fulfil this
requirement, the system needed to be controllable, water-proof, radiation resistant,
and the electronics would be required to provide feedback of their status.
Two other requirements that had a score of 148 and 174 were the ability of the
system to synchronize with the inspection head and rotate the CIGAR inspection
head, respectively. In order to fulfil these requirements, the system needed to reli-
able, centred in the pressure tube, robust, and provide feedback during the inspection
process. Other requirements including the ability to travel through sags, travel in wa-
ter, maintain orientation, and prevent itself from getting stuck had scores of 83, 126,
90, and 89, respectively. The percent importance column was calculated by dividing
the sum of relationships of each requirement by the total value that could be held
in each column which in this case was 500. These scores represented the importance
priority of each technical requirement with respect to the customer requirements.
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3.3.2.7 What vs. What
Three customer requirements which were speeding up the inspection process, being
controllable, and providing feedback scored 51, 50, and 51, respectively. With respect
to the functional requirements, these three requirements scored the highest points.
Being reliable and robust scored 48 and 40, respectively. The system’s accuracy and
the ability to be centred in the pipe scored 38 and 31, respectively. Being water-proof,
radiation resistant, and the easiness of mounting and unmounting the robotic crawler
scored 28, 20, and 11, respectively. The percent importance was calculated by divid-
ing the sum of all relationships for a particular customer requirement and dividing it
by a total value of 100 which was the maximum score that any customer requirement
could score.
To speed up the inspection process, it was mandatory for the robotic crawler to be
reliable, controllable, and accurate. Feedback was an important criteria that needed
to be fulfilled if the robotic system was to be controllable and accurate. Being water-
proof and radiation resistant were also important requirements that needed to be
fulfilled, otherwise the electronics would get damaged and unusable for the inspection
process.
3.3.2.8 How vs. How
The functional requirements contained a target row which basically was used to see
which requirement would need to be maximized, minimized, or hit. Due to the com-
plexity of this project and time limitations, four technical requirements would be hit
which were the autonomous drive of the robot, the fail-safe feature, travel with a fixed
speed, and carry on-board electronics during motion. The prevention of the robotic
crawler from getting stuck would go hand in hand with the fail-safe feature of the
robot, and be minimized. The other technical requirements would still be taken into
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consideration, however, and measures would be taken to provide a platform for the
next stage of the project which would primarily be to synchronize and rotate the
inspection head as well as travel in water by sealing the electronics.
In order for the system to be autonomous, other requirements such as being fail-
safe, travel with a fixed speed, carry electronics, synchronize, and rotate the CIGAR
inspection head would impact this criteria and if any modifications were required
in the design, it could be done by modifying these requirements that had a strong
positive and positive correlation. The fail-safe feature and prevention of the robotic
crawler from getting stuck in the pipe had a negative correlation which meant that
either of the two requirements had to be compromised if the robotic crawler would be
autonomous.
If the robotic crawler was to travel through sags in the pipe, maintaining orienta-
tion would be a requirement that would have a strong correlation. For the robotic
crawler to travel in water, carrying electronics in a sealed manner would have a strong
correlation without which the electronics would fail. In order for the robotic crawler
to synchronize with the CIGAR inspection head, rotating the inspection head would
have a strong correlation. The way the inspection head would be rotated could be
done in different ways to synchronize the two design requirements.
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Chapter 4
Conceptual Designs and Screening
of the Robotic Crawler
This chapter presents a detailed discussion of the conceptual designs that were devel-
oped to manufacture a physical prototype of the robotic crawler. There are a total
of seven designs which were brainstormed on the basis of the development done in
the previous chapter. Each concept made use of the Microtrac which was discussed
in Chapter 3 and displayed in Figure 3.11. One of the most important factors for the
robotic crawler is for it to be water-proof. Another factor which is very important, is
sufficient propulsion force to push/pull the inspection head. The Microctracs would
be ideal for such a design, which is why the concepts were brainstormed around them.
These are presented below.
4.1 Concept 1
Concept 1 was very similar to the Versatrax Vertical Crawler which was discussed
in Section 3.1.6. The design shown in Figure 4.1, contains two Microtracs attached
to the centre at an angle of 120 degrees from each other. This was done to provide
enough stability for the robot during motion. Each track would push against the wall
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of the pressure tube and maintain its orientation. The difference with this concept
was the fact that two Microtracs were implemented in the design and not three. The
reason behind this was dimensional requirements.
Figure 4.1: View of Concept 1
There is a centre module which holds the Microtracs together. There are a total
of three blocks which help the robot extend and retract, depending on what is re-
quired. The robot begins in its retracted form outside the pressure tube and when
the robot has been deployed, it extends to maintain stability.
Figures 4.2 and 4.3 illustrate the retracting and extending forms of the drive unit.
While the robot would be held outside the pressure tube, the block present at the
back of the centre module would be at its initial position, which is the edge of the
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cylindrical rods. Once inside the pressure tube, the block would move forward helping
the robot extend and provide traction.
Figure 4.2: Top View: Retracted Form of Concept 1 Crawler
Figure 4.3: Top View: Extended Form of Concept 1 Crawler
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Figures 4.4 and 4.5 provide another view of the drive unit. The retraction and exten-
sion is also visible and a more clear view of the blocks can be seen in each figure.
Figure 4.4: Front View: Retracted Form of Concept 1 Crawler
Figure 4.5: Front View: Extended Form of Concept 1 Crawler
The blocks were designed as small as possible to accommodate the Microtracs. Any
smaller, and the Microtracs would not be mechanically stable which would damage
the centre module. Three blocks were chosen in order to provide greater stability to
the system. While the block present at the back would move, the other two would
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remain fixed.
The movement of the block at the back would be done with the help of an actuator
controlled by a micro-controller. The actuator would stay in its actuated position till
the robot finished inspection of one pressure tube. When the robot reaches the end of
the tube, the actuator would disengage and the robot would retract. The electronics
of the robot would be situated off-board and provide power through cables since there
would not be enough space to carry them. Even after taking strict measures with di-
mensions, the design turned out to be oversized, which would not be acceptable due
to limited space in the pressure tubes.
4.2 Concept 2
Concept 2 was very different from Concept 1, due to size restrictions of the pres-
sure tube. The basic idea was to place the Microtracs in front of each other which
would make the design longer. With the help of designed plates, the crawler would
be assembled together. After thorough research on other pipe inspection systems, an
angle of 120 degrees between the Microtracs would be ideal functionally. In this case,
Concept 2 was introduced with an angle while the tracks were placed in front of each
other. Figure 4.6 shows an image of Concept 2.
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Figure 4.6: Concept 2
In order to assemble the Microtracs together, a rectangular plate with rounded edges
was designed. Side plates were designed to attach them to the rectangular plate. Four
90 degree angled brackets were designed to connect the side plates to the centre plate.
After more brainstorming, it was decided to introduce spring loaded wheels. These
wheels are also visible in Figure 4.6 circled red. These wheels would create a down-
ward force on the Microtracs, helping the crawler maintain stability. Once again for
this concept, the electronics would be placed outside and be connected to the crawler
with the help of long wires.
After analyzing the CAD, some parts were 3D printed to demonstrate the model.
In Figure 4.7, one can see the Microtracs kept at an angle and aligned with each
other. The plates on the left side of the Microtracs were 3D printed and attached
with the screws. This was only an experiment and so, the shape of the plate was a
bit different from the computer aided model to get an idea of what the parts would
look like.
51
Figure 4.7: 3D Printed (Concept 2)
4.3 Concept 3
Concept 3 was basically an improved version of Concept 2. Extensive 3D printing
was done for this design in order to demonstrate a physical prototype. Similar to
Concept 2, the Microtracs were kept at an angle of 120 degrees from each other and
aligned with each other. Due to the angle introduced, spring loaded wheels would not
be necessary, as the angle would provide a stable orientation for the robot.
The new part of this design was the centre piece of the robot. As shown in Fig-
ure 4.8, there is a rectangular box which is connected to both Microtracs. The idea
of putting the electronics on-board instead of outside the pressure tube was taken
into consideration, as this would reduce the amount of cabling required from outside.
With the help of this box, the motor driver and the micro-controller would be placed
inside, and provide signals to the Microtracs. The power source, however, would still
be placed outside the pressure tube, as it would not be a feasible idea to have a
battery inside the pressure tube. In order to have these electronic components inside
the box, it was important to brainstorm an idea to seal these components from the
heavy water which is present inside the pressure tubes. Figure 4.8, shows that the
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box was cut into two different sections, i.e., the top and the bottom. On each side
of the box, two rectangular shaped plates were attached. Both of these plates with
rounded edges were attached to the 90 degree angled brackets.
The rectangular plate attached to the rectangular box is visible. The plates were
bolted to the box at all four corners. The only drawback with this design would be
the amount of time it would require to take it apart and put it back together when the
replacement of the electronics would be required. The weight of the robot was very
hard to handle. The Microtracs were heavier compared to the centre module, since
the material that was printed was plastic as opposed to the stainless steel Microtracs.
Due to this factor, the centre module was starting to bend. After a few runs, the
robot would start to twist and turn inside the pressure tube due to the weight of
the robot and because of this unexpected behaviour, the corners of the rectangular
housing would hit the walls of the pressure tube. Over a prolonged period of time,
the physical contact between the housing of the robot and the pressure tube would
introduce new scratches inside the pressure tube.
Figure 4.8: Physical Prototype Concept 3
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4.4 Concept 4
Concept 4 was developed to provide improvements on Concept 3. The main difference
with this new concept was the centre housing. In this case, the housing was modelled
cylindrical to eliminate any chances of collision with the inner surface of the pressure
tube. Figure 4.9 presents an isometric view of the computer aided model of Concept
4. Just like the previous concept, this design contained four angled brackets which
were attached to the circular housing. For this design, the electronics would be placed
inside the housing and provide the signals necessary to the Microtracs. The housing
was designed to be attached in the centre with the help of six bolts. In Figure 4.9, a
circular hole is also visible which is the only open end in the housing. Wires would
be passed through this hole and a seal would be necessary to help prevent any water
flow to the inside of the housing.
Figure 4.9: Concept 4 Model
After careful consideration of the computer aided model, all the parts present in
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the model were 3D printed and put together to demonstrate a physical prototype. It
was very important to have the crawler put inside a pressure tube to deal with real
world factors that would have an effect on it such as slippage, rotations, and bending.
Figure 4.10 shows four views of the physical prototype which was 3D printed and
assembled.
Figure 4.10: Physical Prototype of Concept 4
The physical prototype was able to successfully enclose all the electronics inside the
circular housing. The prototype was run inside the pressure tube multiple times. The
biggest issue was that the crawler would twist during its motion. The biggest factor
behind this issue was not enough traction created between the Microtracs and the
pressure tube walls which eventually led to slippage and twisting. Due to this, more
improvements were required to attain an optimal design for the new robot crawler for
CANDU fuel channel inspection.
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4.5 Concept 5
In Concept 4, slippage and twisting were the biggest drawbacks for the design. Con-
cept 5 was designed to address these two problems by adding sets of wheels to provide
traction and downward force against the pressure tube walls. The ideal design would
have spring loaded wheels to eliminate problems faced in the earlier concepts. Figure
4.11 presents an iso-metric view of the new design.
Figure 4.11: View of Concept 5
Two sets of spring loaded wheels can be seen attached to larger and improved side
plates which were also modified in order to make use of these wheels. As the robot
would be placed inside the pressure tube, the wheels would pivot downwards provid-
ing a force to maintain stability of the robot crawler. The two wheels at the back of
the robot crawler would also be spring loaded. The centre module would have the
same dimensions as Concept 4 and the electronics would be enclosed in the same way.
The dimensions of the side plates were required to be increased to accompany the
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implementation of the spring loaded wheels and to make the robotic crawler stronger
and more rigid.
Figure 4.12 shows another view of the robotic crawler. A torsion spring was im-
plemented in the design to allow the wheels to pivot up and down. Two cylindrical
rods were also added to the crawler in order to hold the spring loaded wheels at the
back of the robot.
Figure 4.12: Rear View of Concept 5
4.6 Concept 6
After careful consideration of Concept 5, a new conclusion was made, which was to
modify the centre module. Due to the presence of heavy water in the pressure tube,
it was very important to seal the electronics. Two seals would be required, one at
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the centre of the module and the other at the end of the module. With more seals
present on the design, there would be more chances of failure during functionality.
Due to this factor, a new concept to enclose the electronics in a more efficient way was
needed. There was a need to design a better centre module to enclose the electronics.
This was due to the number of seals required in Concept 5. A new centre module was
modelled for Concept 6, reducing the number of seals to one. Some changes were also
made to the dimensions of the plates holding the spring loaded wheels together. A
motor was also added at the front of the robot which would be used to attach to the
CIGAR inspection head. The mechanism of the rotation of the inspection head will
be discussed later in this thesis.
Figure 4.13 shows the rear view of the robotic crawler concept. It consists of two
cylindrical shafts which are used to hold the spring loaded wheels together. There
are a pair of spring loaded wheels present on the top of the crawler. With the help
of torsion springs, the wheels would pivot downwards after inserted into the pressure
tube. Another pair of spring loaded wheels are present on the other Microtrac at the
same position. The cylindrical rod present at the bottom of the plates is responsible
for holding the lower spring loaded wheel.
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Figure 4.13: Rear View of Concept 6
Figure 4.14 shows a view of the concept. There is a significant change in the design
of the centre module from the previous concepts. The cylindrical module consists of
a hollow cylinder which encloses the electronics used for the robot. At the one end of
the cylinder, there is a cylindrical plate and a seal which is placed between the two.
At the front of the robot, there is a large hollow cylinder which represents the CIGAR
inspection head. It is attached to the crawler with the help of a motor which is used
to spin the inspection head.
The spring loaded wheels at the back of the crawler can be seen. This concept was
the most optimal out of the all the other concepts. The amount of sealing required
for the centre module was reduced to one, which means less chance of water getting
into the cylindrical vessel. The next section discusses the screening process of all the
concepts presented.
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Figure 4.14: View Concept 6
4.7 Concept Screening
The following section shows a comparison of all the concepts which were discussed
earlier in this chapter followed by the screening process. Two different methods were
used for the comparison and screening which are a GO/NO-GO table and a concept
screening matrix. These are discussed below.
4.7.1 Go/No-Go
In Table 4.1, a comparison between the six concepts is done with close relation to
the functional requirements of the robot crawler. There are a total of nine functional
requirements which are displayed along the rows and six concepts which are displayed
along the columns of the table. A simple comparison between the two was done, which
made use of the words G and NG. If the concept was able to fulfil a specific functional
requirement, the abbreviation G was assigned to the concept which meant a GO and
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if the concept failed, the abbreviation NG was assigned to the concept which meant
a NO-GO. Whichever concept acquired the most amount of GOs, would be taken to
the next stage for development.
Table 4.1: GO/NO-GO Chart
Requirements One Two Three Four Five Six
Autonomous NG G G G G G
Fail-Safe NG NG NG NG G G
Adaptable to sags NG NG NG NG NG G
Travel through water flow G G G G G G
Speed control NG NG NG NG G G
Synchronize with inspection head NG NG NG NG NG G
Carry electronics NG NG G G G G
Stability G G G NG G G
Rotate inspection head NG NG NG NG NG G
Prevent getting stuck NG NG NG NG G G
After carefully reviewing Table 4.1, it is evident that concept 6 received the high-
est number of GOs. The next step was to take the comparison further and that was
done in the following sub-section with the help of a concept scoring matrix.
4.7.2 Concept Scoring Matrix
Table 4.2 presents the concept scoring matrix. In this table, a weighting factor was
assigned to all the functional requirements where the total weight of 100 was divided
amongst the different requirements. Next, for each concept, a rating between 1 to 5
was assigned to each requirement. A rating of 3 represents the reference taken for
the project, followed by a rating of 2 which represents worse than the reference, and
a rating of 1 which represents much worse than the reference. A rating of 4 rep-
resents better than the reference and a rating of 5 represents much better than the
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reference [19]. These values were then multiplied by the weighting factor and then
summed in order to attain a total score. Based on the total score of each concept, the
concepts were ranked in order of their ability to meet the weighted requirements. All
six concepts were placed along the columns of the table and the functional require-
ments were placed along the rows.
Table 4.2: Concept Scoring Matrix
Requirements Weighting
Factor
One Two Three Four Five Six
Autonomous 15 3 3 5 5 5 5
Fail-Safe 20 1 2 3 3 4 5
Adaptable to
sags
10 1 2 3 3 4 5
Travel through
water flow
5 4 4 5 5 5 5




10 1 2 2 3 3 5
Carry electron-
ics
10 1 2 4 5 5 5
Stability 10 4 4 4 4 5 5
Rotate inspec-
tion head
10 1 2 2 2 3 5
Total Score 100 185 245 330 350 430 500
Rank 6 5 4 3 2 1
The two most important requirements were for the robotic crawler to be autonomous
and fail-safe. A weighting factor of 20 was given to the fail-safe requirement and 15
was given to the autonomous requirement. Concept 6 received the highest score out
of all the concepts for each and every requirement. Concept 1 received the lowest
score out of all the concepts for each and every requirement. Concept 6 received a
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total score of 500, Concept 5 received a total score of 430, Concept 4 received a total
score of 350, Concept 3 received a total score of 330, Concept 2 received a total score
of 245, and Concept 1 received a total score of 185. The concept with the highest
total score would be chosen as the ideal concept for the final design of the robotic
crawler.
After carefully reviewing Tables 4.1 and 4.2, a conclusion was made that Concept
6 was the most promising as a potential new design of a robotic crawler for CANDU
fuel channel inspection. The next chapter presents the final design which was imple-




This chapter presents the Failure Modes and Effects Analysis (FMEA) tool and the
final design of the robotic crawler. The first section explains the FMEA tool in detail.
The second section will be divided into various parts which will present the final
design.
5.1 Failure Modes and Effects Analysis
For any new or existing design, failure analysis and the effects due to that failure is
imperative, to avoid catastrophic events. Each component of the design can fail at
any time due to n number of reasons which can be termed as failure modes. With such
a study, there can be numerous improvements that can prevent failures and events
that could harm the design or the user of the design. There exists a tool called Failure
Modes and Effect Analysis (FMEA) tool which is used for the study of risks that can
effect a design during its use or functionality. FMEA was formalized in 1949 by the
US Armed Forces with the objective to classify failures “according to their impact on
mission success and personnel/equipment safety” [20].
There are two types of FMEAs. A design FMEA which focuses on the design of
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the product at a subsystem level or component level, where deficiencies of the de-
sign are discussed in detail for improvement and a process FMEA which focuses on
the manufacturing or the assembly process, where the effects of manufacturing are
focused on to improve the design [20]. For a design FMEA, the system is analyzed
before the final design and for a process FMEA, the process is carried out usually
after the design has been implemented.
The first step for the FMEA procedure is to define the item which is a sub com-
ponent of the design. Each of these items can have potential failure modes, which are
defined in the next step. Each of these failure modes can have potential effects of fail-
ure. The next step is to define the severity of each potential effect of failure and this
is done on a scale of 1 - 10, where 10 is the most severe and 1 is the least severe [20].
After defining the severity, the next step is to define the potential cause behind the
mechanism of the failure. Each of these potential causes have a probability which are
defined on a scale of 1 - 10, where 10 is the most probable situation and 1 is the least
probable situation [20]. Before the Risk Priority Number (RPN) is calculated, the
design controls that are present in the design are defined. These controls represent
the actions that take place to detect these failures. The detectability is defined on
a scale of 1 - 10, where 10 is highly detectable and 1 is the least detectable [20].
The RPN is the product of rankings of the severity, probability or occurrence, and
the detectability of the failures. Based on the RPN of each potential failure, actions
that need to be taken in order to prevent the failure are defined. After completion of
the actions, severity, occurrence, and detectability are redefined to calculate the new
RPN. The RPN is usually only subjective and not objective because for example, if
the severity of the potential failure is very high, that must be considered regardless
of what the RPN value is [20].
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Figure D.1 in Appendix D shows the FMEA which was created for this project. An
online template designed in Microsoft Excel was used for the FMEA created for this
project. The robotic crawler was broken down into five items/functions. These were:
5.1.1 Microtracs
The Microtracs had five potential failure modes being, damage to the seal, degrada-
tion of the treads, failure of the motors, failure of screws and bolts, and damage to
the wires with severities of 6, 5, 5, 2, and 7, respectively. For all potential failure
modes, there was one potential effect of failure, being, loss of power to the Microtracs
resulting in no movement and damage to the pressure tube wall. Breakage of the seals
and degradation of the treads would primarily be suspected to be caused by excessive
pressure and gamma radiation inside the pressure tube with probabilities of 4 and 8,
respectively. A way to minimize these failures could be done by choosing seals and
treads that are able to handle pressure and radiation inside the pressure tube. The
detectability rating of those two potential failure modes were 3 and 2, respectively.
The RPNs calculated for these two failure modes were 72 and 80. Making sure good
seals and treads which could withstand the pressure and radiation inside the pressure
tube would be the recommended actions. This would be done in the next phase of
the project.
The failure of the motor was assigned a severity rating of 5, failure of screws and
bolts was assigned a severity rating of 2, and damage to wires was assigned a severity
rating of 7. The potential cause of failure for the motors would be for water to enter
the Microtracs and was assigned a probability rating of 2. The potential cause of
failure for the screws and bolts would be for over usage of the robotic crawler creating
stress on the design and was assigned a probability rating of 1. The potential cause of
failure for damage to wires could take place if the wires would tangle between the Mi-
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crotracs and dragged along the pressure tube wall. The probability rating assigned to
this failure was 3. For these three potential failures, the current design control would
be to have one Microtrac as a back up for the other. If one was to fail, the other could
still function. The detectability ratings for all three of the potential failures were 6,
2, and 4, respectively. The RPNs calculated for these three potential failures were 60,
4, and 84. Having an emergency retrieval system and monitoring the robotic crawler
periodically would be the recommended actions.
5.1.2 Housing for Electronics
The housing of the electronics had a potential failure, which was damage and even-
tually breakage of the seal. The potential effect of failure would be damage to the
electronics, which was assigned a severity rating of 6. This would be caused by ex-
cessive pressure and radiation inside the pressure tube. The probability rating was 6
for this failure. The current design control would be to make sure the seal used could
handle the pressure and radiation inside the pressure tube. The detectability rating
for this failure was assigned a value of 5. The RPN calculated was 90. Ensuring that
the seal with the correct pressure and radiation ratings would be the recommended
actions for this failure. This process would take place in the next phase of the project.
5.1.3 Electronics
The electronics had a potential failure mode of loss of power and communication
with the robotic crawler. If such an event took place, the potential effect of failure
would be that the robotic crawler would no longer be able to move any more. The
severity rating assigned to this failure was 5. This would be caused primarily by
gamma radiation inside the pressure tube and was assigned a probability rating of
3. The current design control would be to assure that the housing was machined
out of material that provides more shielding. The detectability rating assigned was 6.
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The RPN calculated was 90. Assuring that the housing would provide a shield against
radiation and pressure inside the pressure tube would be a recommended action. This
would be done in the next phase of this project.
5.1.4 Battery
The battery had a potential failure mode of loss of power as well. This would cut
off communication between the Microtracs and the electronics inside the housing. A
severity rating of 5 was assigned to this potential failure mode. A potential cause
for such a failure would be discharge of the battery. The probability rating for this
to happen was 3. The current design control would be to check the charge in the
battery periodically. The detectability rating assigned to this potential failure was 5
and the RPN calculated was 75. Charging the battery on a regular basis would be
the recommended action to prevent any loss of power and communication inside the
pressure tube.
5.1.5 Plates
The plates had two potential failure modes which were cracking or bending and failure
of screws and bolts. The potential effects of failures for these failure modes would be
damage to the pressure tube wall as well as the robot getting stuck inside the pressure
tube. Severity ratings of 4 and 2 were assigned to these failure modes, respectively.
The potential cause of failure would be mechanical stress caused over time. Prob-
ability ratings of 2 and 1 were assigned, respectively. Cracking and bending could
be minimized by designing and machining plates that could handle such mechanical
stress. Tightening and fastening of screws and bolts would reduce the risk of failure.
Detectability ratings of 2 and 2 were assigned to these failure modes, respectively.
The RPN calculated for cracking and bending was 16 and for failure of screws and
bolts was 2. Monitoring the robotic crawler periodically and ensuring the mechanical
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stress was minimum would be the recommended actions.
5.2 Final Design
After the careful consideration and screening that was done to all the concepts in
the previous chapter, a conclusion was made that Concept 6 was the most promis-
ing design for the robotic crawler. The functional and customer requirements were
taken into consideration in order to have a physical prototype, and to demonstrate
functionality of the robotic crawler.
5.2.1 Part 1: Preliminary Stages of the Robotic Crawler De-
sign
To have a drive unit for the robotic crawler, it was important to have a system which
was capable of travelling through heavy water inside the pressure tube, withstand the
pressure inside the pressure tube, carry electronics and, at the same time, have the
electronics sealed so that the water would not cause any damage to the system. A pair
of Microtracs were purchased from Inuktun, a company located in British Columbia
which specializes in developing and manufacturing Microtracs and Minitracs for pipe
inspection purposes. These Microtracs, as discussed earlier in this thesis, were the
most ideal solution which would be able to handle and fulfil all the physical and func-
tional requirements necessary for the design of the robotic crawler.
The Microtracs were aligned in front of each other similar to Concept 6, with the
help of a cylindrical housing. However, one Microtrac was mounted in its forward
direction and the other Microtrac was mounted in its reverse direction. Due to this
factor, one Microtrac always spins in the forward direction and the other spins in its
reverse direction. The reason why this was designed as such was to ensure that the
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robotic crawler was symmetrical at both ends.
Each microtrac had a left and a right plate attached to it. The left and right plates
were attached to the 90 degree angled plates which were bolted to the cylindrical
housing.
The plate on the right contained five drilled holes aligned with the right side of
the Microtrac and bolted together. The front of the plate contained two drilled holes
which were aligned with the right 90 degree angled plate and screwed together. The
back of the plate contained a hole whose purpose will be discussed later on. There
were also two holes which were drilled in the centre close to the top of the plate which
were responsible for holding the spring loaded wheels together which will also be dis-
cussed later on.
The plate on the left had two drilled holes with which the plate was screwed to-
gether to the left side of the Microtrac. The front of the left plate also had two drilled
holes which were aligned to the holes on the left 90 degree angled plate.
The rear end of the cylindrical housing had four drilled holes which were attached to
the left and right 90 degree angled brackets. The front end of the cylindrical housing
contained six drilled holes which were aligned with holes on a circular plate which was
used to cover the hollow cavity that encloses the electronics, i.e., the micro-controller
and the motor driver.
The diameter of the cavity of the cylindrical housing was much larger compared to
the hole present on the circular plate so that the electronics could easily be placed
inside the housing. A rubber seal was placed between the housing and the plate to
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prevent water from entering the hollow cavity where the electronics were enclosed.
Figure 5.1: View of the Initial Physical Prototype
Figure 5.1 presents a view of the initial physical prototype. The material of the
machined plates was aluminium and the seal was made out of rubber. The robotic
crawler was initially put together without any electronics to ensure that the ma-
chined parts were a perfect fit. The power connector of each Microtrac is present on
the left side. The next step was to enhance the robot crawler by introducing spring
loaded wheels for stability, a stepper motor at the front of the robotic crawler to spin
the inspection head, and electronic components for power to drive the robotic crawler.
Figure 5.2 presents a top view of the initial physical prototype. This figure shows
a clearer view of the alignment and symmetry of the Microtracs.
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Figure 5.2: Top View of the Initial Physical Prototype
5.2.2 Part 2: Introduction of Spring Loaded Wheels and
Stepper Motor
After some runs made by the 3D printed Concept 4, a conclusion to introduce spring
loaded wheels was made. This was primarily done to prevent rotation of the pro-
totype during motion. The reason behind these rotations was instability and not
enough downward force created on the Microtracs. Due to this factor, Concepts 5
and 6 were introduced. Both concepts consisted of two pairs of spring loaded wheels
which were placed approximately in the centre of both Microtracs. After generating
six computer aided models, the design was implemented in the physical prototype of
the robot crawler.
Figure 5.3 shows the physical prototype of the robotic crawler with two pairs of spring
loaded wheels which are marked with red rectangles. The centre holes on the top part
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of each plate were used to assemble the wheels. All parts were off-the-shelf and were
ordered from McMaster Carr. With the help of torsion springs, the wheels were made
spring loaded. As the the robotic crawler would be placed inside the pressure tube
for inspection, these wheels would pivot downwards providing both an upward force
on the pressure tube wall and a downward force on the Microtracs. With the help of
these forces, rotations of the robotic crawler would be minimized, helping it maintain
a stable orientation.
Figure 5.3: The Spring Loaded Wheels
Apart from the spring loaded wheels, it was important to have a motor at the front
end of the robot which would be attached to the CIGAR inspection head and help ro-
tate it during inspection as the robotic crawler drive unit would make its way forward.
Figure 5.4 shows the stepper motor, which is placed right at the front end of the
robotic crawler. For the scope of this thesis, it was only necessary to brainstorm an
idea for attaching the CIGAR inspection head to the drive unit. The basic idea for
the functionality of this crawler was to have the drive unit move forward at differ-
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ent speeds, while the inspection head at the front would rotate with the help of this
stepper motor. No matter how fast or slow the drive unit was to move forward, the
inspection head would need to be rotated quickly to ensure a 360 degree scan was
possible.
Figure 5.4: The Stepper Motor
5.2.3 Part 3: Introduction of Electronics and Passive En-
coder Wheel
To operate the robotic crawler, it was mandatory to introduce a micro-controller and
a motor driver. The motor driver would be responsible for providing signals to both
Microtracs and the micro-controller would control all commands provided to the sys-
tem. An Arduino nano micro-controller and a dual MC33926 motor driver carrier
were used for the robotic crawler. Both of them were enclosed within the cylindrical
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housing which was present in the centre of the robotic crawler.
During the initial testing stages, the controller and the motor driver were placed
on a Lego cart which was attached to the back of the robot. This made sure that
both of the electronics were functional, i.e, they were able to move the robotic crawler
forwards and backwards. With the help of this cart, the functionality of the electron-
ics was tested outside the pressure tube. Figure 5.5 shows the initial test set-up of
the robot crawler with the electronics.
Figure 5.5: Initial Test Set-up of the Electronics
With this set-up, the robotic crawler was successfully tested on the floor and the elec-
tronics were moved into the cylindrical housing. Both electronics were then placed
inside the hollow cavity of the cylindrical housing and tested inside the pressure tube.
Power cables were adjusted to fit outside the small cavity of the housing and con-
nected to the Microtracs to provide power. A mini LiPO battery was placed on-board
for the initial proof of concept.
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For the next phase of this project, the battery will be placed outside the pressure
tube since it cannot be placed inside the pressure tube due to deleterious effects of
ionizing radiation on the materials and to prevent severe damage to the pressure tube.
Figure 5.6 represents the design of the robotic crawler with the electronics enclosed
within the cylindrical housing. The cylindrical housing is marked within the red rect-
angle.
Figure 5.6: Electronics Enclosed within the Cylindrical Housing
The cable which is present at the back of the robotic crawler is used for serial com-
munication between the nano micro-controller and a laptop. Also at the rear end
of the robotic crawler, there is a passive encoder wheel which provides feedback to
the controller. This passive wheel is also spring loaded but in this case, the wheel
pivots in the opposite direction to both pairs of spring loaded wheels present on the
top of the robotic crawler. In Figure 5.7, the passive encoder wheel is clearly visi-
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ble, and marked within the red rectangle. The figure also provides a better view of
the way the lipo battery is placed on the robot and also gives a clear view of the wiring.
Figure 5.7: The Passive Encoder Wheel
5.2.4 Part 4: Controller Design
As stated before, an Arduino nano micro-controller was used along with a dual
MC33926 motor driver carrier. Both Microtracs were driven with the motor driver
carrier. The Arduino nano provided the logic power to the motor driver carrier, as
well as the encoder present on the passive wheel at the rear end of the robotic crawler.
Figure 5.8 shows a disassembled view of the robotic crawler. Enclosed within the
red rectangle, one can see the controller and the motor driver carrier wired together.
The thick black wires provided power to the Microtracs. The controller was then
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loaded inside the hollow cavity.
Figure 5.8: Controller of the Robotic Crawler
Pulse Width Modulation (PWM) Signals were used to turn the motors present inside
the Microtracs on and off. A Proportional-Integral-Derivative (PID) controller was
implemented for speed control of the robotic crawler. PWM and the PID controller
are discussed below.
5.2.4.1 PWM
A PWM signal is a method for generating an analog signal using a digital source [21].
There are two components by which the behaviour of the PWM signal can be char-
acterized. These are the duty cycle and the frequency. For any control application,
there are on and off modes, i.e., states high and low, respectively. These states are
described by the duty cycle as a percentage of the total time it takes to complete
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one cycle and the frequency determines how fast the signal switches between the high
and low states [21]. For example if the high state (on) is 5 volts and the low state
(off) is 0 volts for any system, and a signal of 2 volts is given to a motor, the PWM
signal value in terms of a duty cycle would be 40 percent. The Microtracs used for
the robotic crawler design required 12 volts, which was considered as their on state
and 0 volts as the off state. PWM signals can be used for many applications such as
DC motors, pumps, valves, and other mechanical parts [21].
5.2.4.2 PID Controller
For any closed loop control system, feedback is very important in order to know how
the system is behaving at a particular point of time. The PID controller is the most
common form of feedback [22]. The PID controller is defined as:







where u(t) represents the control signal, e represents the control error, Kp represents
the proportional gain, Ki represents the integral gain, and Kd represents the deriva-
tive gain [22].
For the PID controller of the robotic crawler, the gain Kp was set to 0.5, to gain
an output value which was proportional to the error value. The gain Ki was set to
0.0001 to make sure it would compensate for the difference if the power supply dipped.
The gain Kd was set to 0.001 to make sure there was no overshoot in the values of
the speed. It should be noted that the PID controller implemented in the system was
in its initial development stage which is why there were errors in the actual speed
versus the desired speed. The cause of these errors is discussed in the sources of error




After the initial concept development, screening, and manufacture of a physical pro-
totype, testing was necessary to demonstrate a fully functional robotic crawler. This
chapter presents the testing methods used for the robotic crawler, the test results,
and sources of error. Three testing methods were implemented in this phase of the
project which were, drive testing, rotational testing, and speed control testing. Data
was collected and recorded in eight different tables as well as graphs which provided
the average speed, standard deviation, and the confidence values for each run.
6.1 Initial Testing
This section is divided into three different sub-sections. The first sub-section discusses
the drive test method that was used to test the force these Microtracs could withstand
during inspection. The second sub-section discusses the rotational test method done to
make sure the robotic crawler would maintain a stable orientation inside the pressure
tube mock-up. The third sub-section discusses the speed control test method done
with the help of a rotary encoder attached to the rear end of the robotic crawler.
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6.1.1 Drive Test Method
The robotic crawler drive unit is responsible for pushing the CIGAR inspection head
during inspection. To do this, the drive unit must have enough force and power to
push the inspection head. It was important to test both Microtracs to see if they
could provide the force necessary to push the inspection head. Figure 6.1 represents
the test apparatus that was used for the test. As one can see, there are three blocks
of wood which are attached to each other at 90 degree angles to form a C-shape. The
two blocks of wood on the side are attached to the Microtracs with the help of screws
and the block on the top is responsible for carrying weights and batteries.
Figure 6.1: Initial Test Apparatus Set-up
In [23], it states that the CIGAR must not exceed a mass of 11.36 kg. Since only a
part of the CIGAR inspection head was going to be used (because the push rod was
going to be replaced with the drive unit), both the total mass of the inspection head
and the drive unit was not to exceed 11.36 kg. Therefore, it was clear that the drive
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unit was required to push less than 11.36 kg since some of the mass was going to be
carried by it. A total mass of 18.18 kg was placed on top of the test apparatus in
the form of plates and a hanging scale was attached to the back of the wood. The
tracks were then powered and driven by LiPO batteries. With the measurement visi-
ble on the hanging scale, a conclusion was made that the Microtracs were capable of
pulling/pushing at least 18.18 kg of mass, exceeding the amount that was required.
6.1.2 Rotation Test
After testing the 3D printed Concept 4, a conclusion was made stating that spring
loaded wheels must be implemented in the design of the drive unit in order to minimize
rotations during motion. The drive unit was rotating because of external factors such
as not enough downward force on the Microtracs to push them against the pressure
tube wall, wires which were being dragged along during motion, and also the mass of
the drive unit itself.
Figure 6.2 represents the robotic crawler drive unit halfway through the pressure
tube mock-up. By observing the crawler in action, and comparing to runs made be-
fore the spring loaded wheels were attached to the robotic crawler, there was minimal
rotation inside the pressure tube mock-up as the crawler made its way forward.
The robotic crawler is always loaded into the pressure tube with the same orien-
tation as shown in Figure E.4 in Appendix E. The passive encoder wheel is placed on
the bottom of the pressure tube and the spring loaded wheels make contact with the
top of the pressure tube.
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Figure 6.2: Robotic Crawler in the Pressure Tube Mock-Up
6.2 Speed Control Testing
After development and physical testing, it was important to introduce a control sys-
tem in order to have a complete mechatronic system. After the introduction of the
passive encoder wheel, speed control was the next and final step for the robotic crawler
drive unit within the scope of this thesis. For any mobile robot, it is important to
have a controller to monitor the speed. More over, the user should be able to change
the speed of the robot to have better control for any application that is required.
For speed control, there were a series of tests performed. Tests were done at different
speeds which were 10 mm/s, 25 mm/s, 40 mm/s, and 55 mm/s. At each speed, two
tests were done, one where the pressure tube mock-up was kept horizontally and the
second where the tube was lifted to create an incline for the robot. The speed of the
robot was controlled both in the forward and reverse directions. As the robot made
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its way through the mock-up pressure tube, different speeds of the robotic crawler
were displayed on screen with the help of serial communication. These values were
recorded and two different samples were taken for each run. For each test run, 10
sample sets were taken and then averaged to get a value. This value would represent
the average speed of the robot at a given point of time in both directions.
6.2.1 Test Results
Table 6.1 represents the first test that was done on the robotic crawler to test it at
10 mm/s while the pipe was kept horizontally. The average of all four runs was ap-
proximately at the 10 mm/s mark. There were fluctuations in the values because of
the wire used for serial communication which was being dragged and the emergency
string which was held up at all times in case there was any sort of malfunction. There
were other factors such as dust in the pipe and friction that was being created during
motion. The encoder speed that was being received through serial communication
was close to 10 mm/s.
The minimum value in sample 1 was 2.9 mm/s and the maximum was 17.41 mm/s
with an average value of 10.15 mm/s. Sample 2 had a minimum value of 3.87 mm/s
and a maximum value of 19.34 mm/s with an average value of 10.93 mm/s. Sample
3 had a minimum value of 1.93 mm/s and a maximum value of 16.44 mm/s with an
average value of 11.02 mm/s. Sample 4 had a minimum value of 4.84 mm/s and a
maximum value of 15.47 mm/s with an average value of 10.16 mm/s.
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1 2.9 3.87 10.64 13.54
2 5.8 5.8 14.51 15.47
3 7.74 9.67 16.44 13.54
4 8.7 13.54 15.47 10.64
5 8.7 17.41 12.57 7.74
6 12.57 19.34 13.54 4.84
7 17.41 16.44 9.67 6.77
8 16.44 10.64 8.7 6.77
9 12.57 7.74 6.77 9.67
10 8.7 4.84 1.93 12.57
Average 10.15 10.93 11.02 10.16
Standard Deviation 4.565 5.528 4.449 3.566
Confidence Value 2.829 3.425 2.757 2.210
The Excel standard deviation function was used to calculate the standard deviation
of all the runs. Sample 1 had a standard deviation of 4.565 mm/s, sample 2 had 5.528
mm/s, sample 3 had 4.449 mm/s, and sample 4 had 3.566 mm/s. The Excel confidence
function was used to generate a confidence interval with a significance value of 0.05
which equates to a confidence interval of 95 percent for a normal distribution. The
confidence interval of sample 1 was 10.15± 2.829 mm/s, sample 2 was 10.93± 3.425
mm/s, sample 3 was 11.02± 2.757 mm/s, and sample 4 was 10.16± 2.210 mm/s.
Figure 6.3 shows all the runs and the expected value for each run. The graph provides
a better picture to help visualize each run.
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Figure 6.3: Graph 1 - 10 mm/s Horizontal
Table 6.2 represents the second test that was done on the robotic crawler to test
it at 10 mm/s as the pipe was set on an incline of 10 degrees. During the forward
direction, the robot would be on an incline and as the robot would reverse, it would
be on a decline towards the starting point. With such a test setup, the behaviour of
the robotic crawler would be visible both on an incline and a decline. From the table,
the accuracy of the robotic crawler is visible. The average speed of the crawler on all
four samples was approximately at the 10 mm/s.
The minimum value in sample 1 was 4.84 mm/s and the maximum was 15.47 mm/s
with an average value of 10.54 mm/s. Sample 2 had a minimum value of 2.9 mm/s
and a maximum value of 14.51 mm/s with an average value of 9.96 mm/s. Sample
3 had a minimum value of 4.84 mm/s and a maximum value of 14.31 mm/s with
an average value of 9.8 mm/s. Sample 4 had a minimum value of 4.84 mm/s and a
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maximum value of 17.41 mm/s with an average value of 10.73 mm/s.









1 11.6 10.64 7.74 6.77
2 10.64 10.64 11.02 8.7
3 9.67 10.64 12.57 11.6
4 6.77 10.64 12.57 16.44
5 9.67 13.54 14.31 17.41
6 12.57 14.51 13.96 13.54
7 15.47 12.57 8.72 11.6
8 14.51 10.64 6.77 9.67
9 9.67 2.9 5.5 6.77
10 4.84 2.9 4.84 4.84
Average 10.54 9.96 9.8 10.73
Standard Deviation 3.236 3.977 3.530 4.189
Confidence Value 2.006 2.465 2.188 2.596
The Excel standard deviation function was used to calculate the standard deviation
of all the runs. Sample 1 had a standard deviation of 3.236 mm/s, sample 2 had 3.977
mm/s, sample 3 had 3.530 mm/s, and sample 4 had 4.189 mm/s. The Excel confi-
dence function was used to generate a confidence interval with a significance value of
0.05 which equates to a confidence interval of 95 percent for a normal distribution.
The confidence interval of sample 1 was 10.54±2.006 mm/s, sample 2 was 9.96±2.465
mm/s, sample 3 was 9.8± 2.188 mm/s, and sample 4 was 10.73± 2.596 mm/s.
Figure 6.4 shows all the runs and the expected value for each run. The graph provides
a better picture to help visualize each run.
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Figure 6.4: Graph 2 - 10 mm/s Incline
Table 6.3 represents the third test that was done on the robotic crawler to test it
at 25 mm/s as the pipe was kept horizontally. As is clearly visible from all four sam-
ples, the values of the speed of the robotic crawler were approximately 25 mm/s. The
minimum value in sample 1 was 18.37 mm/s and the maximum was 29.38 mm/s with
an average value of 24.48 mm/s. Sample 2 had a minimum value of 20.31 mm/s and
a maximum value of 29.81 mm/s with an average value of 24.94 mm/s.
Sample 3 had a minimum value of 19.34 mm/s and a maximum value of 33.05 mm/s
with an average value of 24.77 mm/s. Sample 4 had a minimum value of 18.37 mm/s
and a maximum value of 30.94 mm/s with an average value of 24.85 mm/s.
88









1 22.24 24.18 19.34 23.21
2 25.24 29.81 24.18 27.08
3 22.24 27.08 25.14 27.08
4 23.21 22.24 27.08 30.94
5 18.37 20.31 33.05 31.91
6 18.37 24.18 30.94 25.14
7 28.37 24.18 23.21 18.37
8 25.14 23.21 20.31 18.37
9 29.38 25.14 20.31 22.24
10 31.91 29.08 24.18 24.18
Average 24.48 24.94 24.77 24.85
Standard Deviation 4.492 2.961 4.527 4.605
Confidence Value 2.784 1.835 2.806 2.854
The Excel standard deviation function was used to calculate the standard deviation
of all the runs. Sample 1 had a standard deviation of 4.492 mm/s, sample 2 had 2.961
mm/s, sample 3 had 4.527 mm/s, and sample 4 had 4.605 mm/s. The Excel confidence
function was used to generate a confidence interval with a significance value of 0.05
which equates to a confidence interval of 95 percent for a normal distribution. The
confidence interval of sample 1 was 24.48± 2.784 mm/s, sample 2 was 24.94± 1.835
mm/s, sample 3 was 24.77± 2.806 mm/s, and sample 4 was 24.85± 2.854 mm/s.
Figure 6.5 shows all the runs and the expected value for each run. The graph provides
a better picture to help visualize each run.
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Figure 6.5: Graph 3 - 25 mm/s Horizontal
Table 6.4 represents the fourth test that was done on the robotic crawler to test it at
25 mm/s as the pipe was kept at an incline of 10 degrees. As is clearly visible from
all four samples, the values of the speed of the robotic crawler were approximately 25
mm/s. The minimum value in sample one was 22.24 mm/s and the maximum was
28.04 mm/s with an average value of 25.41 mm/s. Sample two had a minimum value
of 21.27 mm/s and a maximum value of 29.98 mm/s with an average value of 25.36
mm/s.
Sample three had a minimum value of 17.41 mm/s and a maximum value of 31.91
mm/s with an average value of 25.37 mm/s. Sample four had a minimum value of
22.24 mm/s and a maximum value of 28.04 mm/s with an average value of 25.68 mm/s.
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1 25.14 25.14 27.08 27.08
2 28.04 23.21 22.24 23.21
3 23.21 21.27 17.41 23.21
4 26.11 23.21 25.14 23.21
5 27.08 25.14 31.91 22.24
6 24.18 29.98 28.04 27.08
7 23.21 27.08 27.08 28.04
8 22.24 25.14 29.01 27.08
9 27.8 28.04 27.08 28.04
10 27.08 25.14 18.37 27.08
Average 25.41 25.36 25.37 25.68
Standard Deviation 2.108 2.530 4.644 2.335
Confidence Value 1.306 1.568 2.878 1.447
The Excel standard deviation function was used to calculate the standard deviation
of all the runs. Sample 1 had a standard deviation of 2.108 mm/s, sample 2 had 2.530
mm/s, sample 3 had 4.644 mm/s, and sample 4 had 2.335 mm/s. The Excel confidence
function was used to generate a confidence interval with a significance value of 0.05
which equates to a confidence interval of 95 percent for a normal distribution. The
confidence interval of sample 1 was 25.41± 1.306 mm/s, sample 2 was 25.36± 1.568
mm/s, sample 3 was 25.37± 2.878 mm/s, and sample 4 was 25.68± 1.447 mm/s.
Figure 6.6 shows all the runs and the expected value for each run. The graph provides
a better picture to help visualize each run.
91
Figure 6.6: Graph 4 - 25 mm/s Incline
Table 6.5 represents the fifth test that was done on the robotic crawler to test it
at 40 mm/s as the pipe was kept horizontally. As is clearly visible from all four sam-
ples, the values of the speed of the robotic crawler were approximately 40 mm/s. The
minimum value in sample 1 was 32.88 mm/s and the maximum was 44.48 mm/s with
an average value of 40.21 mm/s. Sample 2 had a minimum value of 34.81 mm/s and
a maximum value of 43.52 mm/s with an average value of 39.52 mm/s.
Sample 3 had a minimum value of 36.68 mm/s and a maximum value of 42.55 mm/s
with an average value of 39.10 mm/s. Sample 4 had a minimum value of 36.75 mm/s
and a maximum value of 46.42 mm/s with an average value of 40.40 mm/s.
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1 43.52 37.71 38.68 43.52
2 37.71 41.58 42.55 39.65
3 41.58 43.52 40.41 36.75
4 38.68 40.41 38.68 39.65
5 41.58 36.75 36.75 42.55
6 38.48 36.68 40.41 40.41
7 32.88 41.58 36.68 36.75
8 39.65 43.52 40.41 36.75
9 43.52 38.68 38.68 41.58
10 44.48 34.81 37.71 46.42
Average 40.21 39.52 39.10 40.40
Standard Deviation 3.488 3.040 1.852 3.215
Confidence Value 2.162 1.884 1.148 1.993
The Excel standard deviation function was used to calculate the standard deviation
of all the runs. Sample 1 had a standard deviation of 3.488 mm/s, sample 2 had 3.040
mm/s, sample 3 had 1.852 mm/s, and sample 4 had 3.215 mm/s. The Excel confidence
function was used to generate a confidence interval with a significance value of 0.05
which equates to a confidence interval of 95 percent for a normal distribution. The
confidence interval of sample 1 was 40.21± 2.162 mm/s, sample 2 was 39.52± 1.884
mm/s, sample 3 was 39.10± 1.148 mm/s, and sample 4 was 40.40± 1.993 mm/s.
Figure 6.7 shows all the runs and the expected value for each run. The graph provides
a better picture to help visualize each run.
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Figure 6.7: Graph 5 - 40 mm/s Horizontal
Table 6.6 represents the sixth test that was done on the robotic crawler to test it
at 40 mm/s as the pipe was kept at an incline. As is clearly visible from all four
samples, the values of the speed of the robotic crawler were approximately 40 mm/s.
The minimum value in sample 1 was 34.81 mm/s and the maximum was 45.45 mm/s
with an average value of 40.43 mm/s. Sample 2 had a minimum value of 35.78 mm/s
and a maximum value of 45.45 mm/s with an average value of 40.31 mm/s.
Sample 3 had a minimum value of 30.65 mm/s and a maximum value of 46.42 mm/s
with an average value of 40.95 mm/s. Sample 4 had a minimum value of 34.81 mm/s
and a maximum value of 47.38 mm/s with an average value of 40.44 mm/s.
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1 45.45 45.45 41.58 38.68
2 41.58 39.65 46.42 39.65
3 34.81 43.52 42.35 44.68
4 40.61 40.41 41.58 47.38
5 39.65 35.78 40.61 36.75
6 36.81 42.55 45.45 37.71
7 39.65 37.71 43.52 37.71
8 43.52 42.55 37.71 44.48
9 45.43 38.78 39.65 42.55
10 36.75 36.73 30.65 34.81
Average 40.43 40.31 40.95 40.44
Standard Deviation 3.659 3.155 4.446 4.094
Confidence Value 2.268 1.956 2.755 2.537
The Excel standard deviation function was used to calculate the standard deviation
of all the runs. Sample 1 had a standard deviation of 3.569 mm/s, sample 2 had 3.155
mm/s, sample 3 had 4.446 mm/s, and sample 4 had 4.094 mm/s. The Excel confidence
function was used to generate a confidence interval with a significance value of 0.05
which equates to a confidence interval of 95 percent for a normal distribution. The
confidence interval of sample 1 was 40.43± 2.268 mm/s, sample 2 was 40.31± 1.956
mm/s, sample 3 was 40.95± 2.755 mm/s, and sample 4 was 40.44± 2.537 mm/s.
Figure 6.8 shows all the runs and the expected value for each run. The graph provides
a better picture to help visualize each run.
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Figure 6.8: Graph 6 - 40 mm/s Incline
Table 6.7 represents the seventh test that was done on the robotic crawler to test
it at 55 mm/s as the pipe was kept horizontally. As is clearly visible from all four
samples, the values of the speed of the robotic crawler were approximately 40 mm/s.
The minimum value in sample 1 was 50.25 mm/s and the maximum was 59.95 mm/s
with an average value of 54.55 mm/s. Sample 2 had a minimum value of 52.22 mm/s
and a maximum value of 58.02 mm/s with an average value of 55.22 mm/s.
Sample 3 had a minimum value of 49.32 mm/s and a maximum value of 58.02 mm/s
with an average value of 54.15 mm/s. Sample 4 had a minimum value of 52.22 mm/s
and a maximum value of 58.02 mm/s with an average value of 54.91 mm/s.
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1 57.05 55.19 55.12 55.12
2 59.95 54.09 49.32 55.12
3 53.18 57.05 58.02 54.09
4 55.32 55.19 56.09 57.05
5 54.09 56.09 51.25 54.09
6 53.19 58.02 54.15 53.19
7 50.25 54.15 55.12 58.02
8 54.09 54.15 55.12 52.22
9 57.08 56.09 53.19 52.22
10 51.28 52.22 54.15 58.02
Average 54.55 55.22 54.15 54.91
Standard Deviation 2.900 1.675 2.454 2.180
Confidence Value 1.797 1.038 1.521 1.351
The Excel standard deviation function was used to calculate the standard deviation
of all the runs. Sample 1 had a standard deviation of 2.900 mm/s, sample 2 had 1.675
mm/s, sample 3 had 2.454 mm/s, and sample 4 had 2.180 mm/s. The Excel confidence
function was used to generate a confidence interval with a significance value of 0.05
which equates to a confidence interval of 95 percent for a normal distribution. The
confidence interval of sample 1 was 54.55± 1.797 mm/s, sample 2 was 55.22± 1.038
mm/s, sample 3 was 54.15± 1.521 mm/s, and sample 4 was 54.91± 1.351 mm/s.
Figure 6.9 shows all the runs and the expected value for each run. The graph provides
a better picture to help visualize each run.
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Figure 6.9: Graph 7 - 55 mm/s Horizontal
Table 6.8 represents the eighth test that was done on the robotic crawler to test
it at 55 mm/s as the pipe was kept at an incline. As is clearly visible from all four
samples, the values of the speed of the robotic crawler were approximately 55 mm/s.
The minimum value in sample 1one was 50.28 mm/s and the maximum was 58.02
mm/s with an average value of 54.64 mm/s. Sample 2 had a minimum value of 51.15
mm/s and a maximum value of 58.02 mm/s with an average value of 54.82 mm/s.
Sample 3 had a minimum value of 52.22 mm/s and a maximum value of 57.08 mm/s
with an average value of 54.54 mm/s. Sample 4 had a minimum value of 48.35 mm/s
and a maximum value of 57.05 mm/s with an average value of 54.25 mm/s.
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1 54.15 53.19 55.12 53.19
2 57.05 55.12 54.09 57.05
3 58.02 58.02 54.15 57.05
4 53.19 51.15 56.09 53.19
5 57.05 57.08 54.15 51.25
6 50.28 54.15 52.22 57.05
7 55.12 57.08 54.15 55.12
8 53.19 54.15 55.12 48.35
9 57.05 53.19 53.19 53.19
10 51.25 55.12 57.08 57.05
Average 54.64 54.83 54.54 54.25
Standard Deviation 2.667 2.116 1.390 2.968
Confidence Value 1.653 1.311 0.861 1.839
The Excel standard deviation function was used to calculate the standard deviation
of all the runs. Sample 1 had a standard deviation of 2.667 mm/s, sample 2 had 2.116
mm/s, sample 3 had 1.390 mm/s, and sample 4 had 2.968 mm/s. The Excel confidence
function was used to generate a confidence interval with a significance value of 0.05
which equates to a confidence interval of 95 percent for a normal distribution. The
confidence interval of sample 1 was 54.64± 1.653 mm/s, sample 2 was 54.83± 1.311
mm/s, sample 3 was 54.54± 0.861 mm/s, and sample 4 was 54.25± 1.839 mm/s.
Figure 6.10 shows all the runs and the expected value for each run. The graph
provides a better picture to help visualize each run.
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Figure 6.10: Graph 8 - 55 mm/s Incline
6.2.2 Sources of Error
From the results presented, it can be seen that the average speed of the robotic crawler
was close to the expected values even though there were external factors such as the
encoder wheel slippage, friction from the pipe, the cable for serial communication
dragging along the pipe, the weight of the robotic crawler drive unit, and the tension
created by the emergency string which was held up at all times during the runs.
These are the reasons why there are fluctuations in the values of the speeds from
the encoder and why the results are not entirely accurate. The values of the speeds
were displayed at up to 4 significant figures. It is almost impossible to have such
accuracy with human made measurements. These values were printed through serial
communication with the controller, and thus, recorded and displayed in all the tables.
For tests done at lower speeds, the values are not as accurate as they are expected
to be. For tests done at higher speeds, the values show some improvement. When
the PID was tuned according to the lower speeds tests, there were fluctuations in the
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higher speeds tests and vice versa. Since only one encoder is used for these tests and
the speed controller is in its initial development stage, the values of the speeds are not
entirely accurate and show some room for improvement. If the encoder wheel slips,
there will be significant error in the result. By using redundant sensing, this problem
can be minimized.
6.3 Summary
During the final stages of the design of the robotic crawler drive unit, three different
types of tests were done. The first was during the initial testing period to check
whether the Microtracs were capable of pushing/pulling a heavy mass and as ex-
pected, they were able to pull a mass of 18.18 kg. The test setup included blocks of
wood attached to the Microtracs along with a hanging scale at the back to measure
the mass the tracks could pull/push.
The second test was during motion to check how much the robotic crawler would
rotate inside the mock pressure tube. An ideal way to do so would be to introduce
a gyroscope to measure the tilt in the robot, which could be implemented in the
next phase of this project. This was an important factor because the inspection head
would be attached to the front of the drive unit. It is important to monitor the exact
location of the inspection head.
The third was to test speed control. With the use of an encoder, tests were run
at four different speeds, both on inclined and horizontal movement. For the incline
tests, the pressure tube mock-up was lifted and held at an angle of 10 degrees resulting
in an incline during the forward direction and a decline during its reverse direction.
Other than the string method, a way to measure the speed would be to calculate the
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distance travelled and divide it by the time it took to get to the required position.




Conclusions and Future Work
7.1 Conclusions
A novel design for a robotic crawler drive unit for CANDU fuel channel inspection
has been developed. This new design automates the current system called CIGAR,
which is used for fuel channel inspection. The CIGAR system makes use of a push
rod which is pushed manually through the pressure tube at a given point of time in
order to successfully inspect the pressure tube. In order to have a new design for the
drive unit, there were various stages which had to be completed such as brainstorm-
ing a new design, concept development using computer aided design software, and
development of a physical prototype.
Six concepts were developed initially during the early stages of the design of the
robotic crawler drive unit. Some concepts were 3D printed as well to get realistic be-
haviour of the robot inside the pressure tube mock-up. Each concept was put through
a screening process. On the basis of the outcome of two screening methods, Concept
6 was chosen for the next stage of the design of the crawler.
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The new design has several key elements without which the robot would not be func-
tional. The most visible elements are the Microtracs which are the fundamental
building blocks of the robotic crawler. They provide motion to the drive unit. Also
on the robot, are machined aluminium plates which hold the whole structure of the
robot together. With the help of these plates, a cylindrical vessel is held in place
which is present at the centre of the robot. The vessel is responsible for carrying the
electronics on board during motion of the robot. The robotic crawler also contains
spring loaded wheels which are connected to the aluminium plates. These wheels
provide downward force on the surface of the mock pressure tube and help minimize
rotations for the robot crawler.
After completion of the mechanical design, it was important to test the Microtracs
to see whether they would be able to push/pull the load required. A test apparatus
was set-up to do so using blocks of wood and a hanging scale. The spring loaded
wheels were also tested by running the drive unit through the pressure tube mock-up
at several occasions to monitor rotations. After basic testing of the robot, a control
strategy was introduced on the robot by attaching a passive encoder wheel to it. The
robotic crawler was tested at four different speeds: 10 mm/s, 25 mm/s, 40 mm/s,
and 55 mm/s. At each speed, there were a total of two runs; the first was when the
pressure tube mock-up was kept horizontal to the ground and the second was when
the tube was elevated at an angle of 10 degrees to provide both an incline and a
decline. Two samples were recorded in the forward direction and two samples were
recorded in the reverse direction. During testing at each speed, the average values of
the speeds of the robotic crawler were close to the expected speeds with some error.
The reasons behind these errors were primarily due to slippage of the passive encoder
wheel, which was the biggest factor, and tension created on the robot by the emer-
gency string which was attached to the back of the robot. This string was attached to
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the robot with the sole purpose to pull the robot out if a failure was to occur inside
the pressure tube mock-up. Some of the other reasons were friction created inside
the pressure tube mock-up during contact of the Microtracs with the tube wall, drag-
ging of the serial communication cable along the tube, and the weight of the robotic
crawler drive unit. Based on the results provided in this thesis, the design of a new
mechatronic system for CANDU fuel channel inspection was to some extent a success
because the basic objective to automate the drive unit attached to the CIGAR was
attained. The programming documentation is shown in Appendix A of this thesis.
7.2 Future Work
The results obtained from testing were not as accurate as they should have been,
specifically due to the use of only one encoder and also the fact that the speed con-
troller used, was in its initial development stage. There is still room for development,
not only with the software, but also the mechanical design of the robotic crawler.
There are limitations in terms of size of the robot. There are additional components
which can be added to the robotic crawler to make it a much more stable and accu-
rate design. With the help of these additional components, more accurate results can
be attained along with a more effective design for when the CIGAR inspection head
would be attached to the robotic crawler in the near future.
7.2.1 Speed Control
The most important factor that can be improved is speed control. Currently, there
is only one passive encoder wheel on the robotic crawler. To get more accurate test
results, two more encoders should be introduced. With the help of these encoders,
an average value of all three encoders could be taken to give a more accurate value
for the speed of the robot. By comparing the three readings, slip in any one wheel
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could be detected by the others. Also, to improve testing results, better tuning of the
controller is required.
7.2.2 Emergency Retrieval System
Currently, the robotic crawler design has a string is attached to the back, which is
there to pull the robot out in case of a failure during any test run. To make this a
more reliable and realistic design, an emergency retrieval mechanism can be added to
the fully developed functional inspection robot.
7.2.3 Communication
As of now, the robotic crawler contains a long cable where one end is attached to
the micro-controller and the other to the laptop present outside the pressure tube
mock-up. A good idea would be to get rid of the cable from the micro-controller
and have wireless communication using an Xbee to transfer the encoder data to the
host computer to reduce the amount of cables inside the pressure tube. With such a
system, it would also be possible to switch the robot on and off.
7.2.4 Power Supply
At present, for testing pusposes, the power supply is in the form of a Lipo battery
which is placed on the robotic crawler during motion. This is not a feasible solution
for when the robot would be driven inside the actual pressure tube due to presence
of radiation. The only possible solution would be to have the power supply outside
the pressure tube while the robotic crawler makes it way through.
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7.2.5 Attachment to CIGAR
A motor needs to be attached to the front end of the robotic crawler drive unit. This
motor is responsible for attaching the drive unit to the CIGAR inspection head as
well as to rotate the inspection head. There needs to be a connection mechanism, i.e.,
some extra plates and brackets to make a secure connection since the weight of both
the inspection head and the drive unit is quite a lot.
7.2.6 Rotational Mechanism
The next step would be to develop a rotational mechanism once the drive unit is
attached to the CIGAR inspection head. There could be two different methods to do
so. The first would be to have the drive unit move at a speed of 1 mm/s and stop at
every 1 mm interval to rotate the inspection head 360 degrees. The second method
would be to move the drive unit constantly with a fixed slow speed and rotate the
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1 // Inc lude s a l l the l i b r a r i e s r equ i r ed
3 #inc lude <Encoder . h>
#inc lude <Event . h>
5 #inc lude <Timer . h>
#inc lude <PID v1 . h>
7
// Adds opt imized code f o r the in t e rup t s e r v i c e s
9
#de f i n e ENCODER OPTIMIZE INTERRUPTS
11
// Attaches the encoder to p ins 2 and 3 on the micro−c o n t r o l l e r
13
Encoder encode r va l ( 2 , 3 ) ;
15
// I n i t i a l i z e s v a r i a b l e and s e t s i t to a value o f 4
17
i n t a =4;
19
// I n i t i a l i z e s the pwm va lues o f the motors and s e t s them to va lue s 5
and 10
21
i n t PWM Front = 5 ;
23 i n t PWM Back = 10 ;
25 // I n i t i a l i z e s the enable pin f o r pwm and s e t s i t to pin 6 on the micro−
c o n t r o l l e r
27 i n t Enable = 6 ;
29 // I n i t i a l i z e s the f r on t and back motors and s e t s them to p ins 11 , 12 , 9
, and 8
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31 i n t Motor Front1 = 11 ;
i n t Motor Front2 = 12 ;
33 i n t Motor Back1 = 9 ;
i n t Motor Back2 = 8 ;
35
// I n i t i a l i z e s the v a r i a b l e s that are used in the code
37
double encSpeed , Speed , Setpoint , Input , Output ;
39
// I n i t a l i z e s the PID func t i on and d e f i n e s the parameters . The P−term i s
s e t to 0 .5 which i s used as a mul t ip ly ing f a c t o r f o r the e r r o r i f
the r e s u l t i s o f f
41
PID myPID(&Input , &Output , &Setpoint , 0 . 5 , 0 . 0 0 0 1 , 0 . 0 0 1 , DIRECT) ;
43
// Sets the pwm speed to 150
45
i n t pwmSpeed = 150 ;
47
// I n i t i a l i z e s the l a s t and new po s i t i o n s o f the encoder to 0
49
double encLastPos = 0 ;
51 double encNewPos = 0 ;
53 // De f ine s the t imer va r i a b l e
55 Timer t ;
57 // Main setup func t i on
59 void setup ( )
{
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61 S e r i a l . begin (9600) ;
63 // Sets the mode o f pin a to output and sends a value o f 5 v o l t s
65 pinMode (a , OUTPUT) ;
d i g i t a lWr i t e ( a , HIGH) ;
67
// Sets the mode o f the PID func t i on to automatic and g i v e s i t negat ive
and p o s i t i v e l im i t s o f 80
69
myPID. SetMode (AUTOMATIC) ;
71 myPID. SetOutputLimits (−80 , 80) ;
73 // Sets a l l the p ins o f both motors to output mode
75 pinMode (Motor Front1 , OUTPUT) ;
pinMode (Motor Front2 , OUTPUT) ;
77 pinMode (Motor Back1 , OUTPUT) ;
pinMode (Motor Back2 , OUTPUT) ;
79 pinMode (PWM Front , OUTPUT) ;
pinMode (PWM Back, OUTPUT) ;
81
// Sends a value o f 5 v o l t s to the enable pin
83
d i g i t a lWr i t e ( Enable , HIGH) ;
85
// A value o f 25 mm/s i s s e t to the va r i ab l e Setpo int . This va lue i s
changed f o r d i f f e r e n t t e s t runs during t e s t i n g to 10 mm/s , 40 mm/s ,
and 55 mm/s
87
Setpo int = 25 ;
89
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// Every 100 ms , we are updating the value o f speed con t r o l which i s
taken care o f by a t imer l i b r a r y
91
t . every (100 , speedContro l ) ;
93
// While loop used to send power to the robot . When the l e t t e r n i s
pre s sed on the laptop keyboard , the robot s t a r t s to move
95
whi le ( S e r i a l . read ( ) != ’n ’ )
97 {




// Void func t i on where the t imer i s updated
103
void loop ( )
105 {
107 S e r i a l . p r i n t ( ” . ” ) ;
109 t . update ( ) ;
}
111
// Void func t i on that makes the robot move forward
113
void motor ( )
115 {
d i g i t a lWr i t e ( Enable , HIGH) ;
117 d i g i t a lWr i t e (Motor Front1 , LOW) ;
d i g i t a lWr i t e (Motor Front2 , HIGH) ;
119 analogWrite (PWM Front , pwmSpeed) ;
d i g i t a lWr i t e (Motor Back1 , HIGH) ;
115
121 d i g i t a lWr i t e (Motor Back2 , LOW) ;




// Void func t i on that pauses the robot
127
void Pause ( )
129 {
d i g i t a lWr i t e ( Enable , LOW) ;
131 d i g i t a lWr i t e (Motor Front1 , HIGH) ;
d i g i t a lWr i t e (Motor Front2 , HIGH) ;
133 analogWrite (PWM Front , pwmSpeed) ;
d i g i t a lWr i t e (Motor Back1 , HIGH) ;
135 d i g i t a lWr i t e (Motor Back2 , HIGH) ;
analogWrite (PWM Back, pwmSpeed) ;
137 }
139 // Void func t i on that r e v e r s e s the motor
141 void reverseMotor ( )
{
143 d i g i t a lWr i t e ( Enable , HIGH) ;
d i g i t a lWr i t e (Motor Front1 , HIGH) ;
145 d i g i t a lWr i t e (Motor Front2 , LOW) ;
analogWrite (PWM Front , pwmSpeed) ;
147 d i g i t a lWr i t e (Motor Back1 , LOW) ;
d i g i t a lWr i t e (Motor Back2 , HIGH) ;
149 analogWrite (PWM Back, pwmSpeed) ;
}
151
// Void func t i on f o r speed con t r o l
153
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void speedContro l ( )
155 {
157 // The value read from the encoder i s s e t equal to the new encoder
p o s i t i o n
159 encNewPos = encode r va l . read ( ) ;
161 // Or i g i na l f a c t o r = 99.224/1024∗10 sampling every 10 seconds ( rad iu s
o f wheel d iv ided by counts per r o t a t i on ) ∗ ( by sampling ra t e which i s
encNewPos−encLastPos )
163 encSpeed = abs (990 .224/1024∗ ( encNewPos−encLastPos ) ) ;
165 // New po s i t i o n o f encoder s e t to the l a s t encoder va r i ab l e p o s i t i o n
167 encLastPos = encNewPos ;
169 // Input to the PID which reads encoder speed and g i v e s to PID
c o n t r o l l e r
171 Input = encSpeed ;
173 // Updates output o f PID
175 myPID. Compute ( ) ;
177 // Used to change the PWM
179 changeSpeed ( ) ;
181 // Values o f v a r i a b l e s encSpeed , Output , Speed , and encNewPos are
pr in ted to the s c r e en
117
183 S e r i a l . p r i n t ( ”Encoder Speed : ” ) , S e r i a l . p r i n t ( encSpeed ) , S e r i a l . p r i n t ( ”\
t Output : ” ) , S e r i a l . p r i n t (Output ) , S e r i a l . p r i n t ( ”\ t PWM Power Out : ” )
, S e r i a l . p r i n t l n ( Speed ) , S e r i a l . p r i n t ( ”\ t Pos i t i on : ” ) , S e r i a l . p r i n t l n
( encNewPos ) ;
185 // Task manager once a c e r t a i n time i s e l apsed
187 i f ( m i l l i s ( ) <70000)
{
189 motor ( ) ;
}
191 i f ( m i l l i s ( )>=70000 && m i l l i s ( ) <140000)
{
193 reverseMotor ( ) ;
}
195 i f ( m i l l i s ( )>=140000)
{
197 Pause ( ) ;
}
199 }
201 // Void func t i on to con t r o l the speed o f the robot . This func t i on makes
sure the speed o f the robot s tays with in the l im i t s
203 void changeSpeed ( )
{
205 Speed = Speed + Output ; // output + − the speed we are t r a v e l l i n g at
207 i f ( Speed > 255)
{




i f ( Speed < 0)
213 {
Speed = 0 ;
215 }
217 // Turns double to i n t e g e r and t runca t e s decimal , rounds by adding 0 .5
the pwm speed













































Figure E.1: View 1 of the Robotic Crawler
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Figure E.2: View 2 of the Robotic Crawler
Figure E.3: View 3 of the Robotic Crawler
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Figure E.4: View 4 of the Robotic Crawler
Figure E.5: View 5 of the Robotic Crawler
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